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ABSTRACT
PHOTOTHERMAL AND PHOTOCHEMICAL STRATEGIES FOR LIGHTINDUCED SHAPE MORPHING OF SOFT MATERIALS
SEPTEMBER 2020
ALEXA S. KUENSTLER, B.S., UNIVERSITY OF ROCHESTER
M.S., UNIVERSITY OF MASSACHUSETTS AMHERST
Ph.D., UNIVERSITY OF MASSACHUSETTS AMHERST
Directed by: Professor Ryan C. Hayward
Engineering materials with the capability to transform energy from photons into
mechanical work is an outstanding technical challenge with implications across
myriad disciplines. Despite decades of work in this area, comprehensive
understanding of how to prescribe shape change and work output in photoactive
systems remains limited. To this end, this dissertation explores strategies to
assemble photothermal and photochemical moieties in soft material systems to
fabricate photoaddressable devices capable of specific shape changes upon
illumination. Chapters 2 and 3 describe a methodology for spatially patterning
plasmonic nanoparticles in liquid crystal elastomer fibers and sheets to specify
local photothermally-induced strain profiles. Using this platform, devices capable
of deployment into specific 3D configurations in response to both waveguided light
and flood illumination are demonstrated. Next, to circumvent the inherent limitation
of approaches based on photothermal effects, two new strategies for shape
programming azobenzene-containing materials are explored for athermal
photoactuation. In Chapter 4, a new material platform is presented that uses

viii

azobenzene incorporated into the backbone of polymers to modulate crystallinity
on-demand via photoisomerization for next-generation shape memory systems.
Next, host-guest cyclodextrin-azobenzene systems are shown in Chapter 5 to
enable robust, re-programmable shape changes in hydrogels. Lastly, in Chapter 6
an outlook for the future of the field and an identification of areas in need of further
study are presented.
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days, thus allowing shape change to be persistent in the
absence of illumination. ...............................................................99
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CHAPTER 1
PRINCIPLES OF SHAPE-MORPHING AND SYNTHETIC STRATEGIES IN
PHOTOACTIVE MATERIALS*

1.1

Introduction

The out-of-plane bending of thin elastic structures including beams and other
elastica in response to non-uniform stresses is a powerful method to control both
the form and function of synthetic materials. While such ‘morphogenesis’ of twodimensional structures into three-dimensional shapes are be driven by many cues
including mechanical, chemical, and electrical stimuli,1 light represents a particular
powerful means of control due to the ability to deliver photons wirelessly and
rapidly over long-distances. Just as photons from the sun travel millions of miles
to power life on Earth, photons from incoherent or coherent sources can be
similarly delivered through free-space or optical fibers to drive the response of a
photoactive material. Additionally, spatiotemporal control over the wavelength,
mode, and polarization of the light provides several independent degrees-offreedom that can be exploited to define complex and dynamic optomechanical
responses. However, the efficient and practical transformation of light energy into
a photomechanical work output via prescribed shape changes remains challenging
due to the interplay between geometry, elasticity, and optics that govern the overall
material response.

Parts of this chapter are reproduced from Current Opinion in Colloid and Interface
Science, DOI: 10.1016/j.cocis.2019.01.009
1
*

1.2
1.2.1

Principles of Shape-Morphing
Patterned Bending and Mean Curvature

A thin elastic plate or rod subjected to stress will tend to buckle out of plane to
lower its elastic energy, a consequence of the stronger scaling of bending (EB ~ t3)
compared to stretching (Es ~ t) energy with thickness t. Bending provides a route
to alter the mean curvature of the sheet, defined as H = (k1 + k2)/2, where k1 and
k2 are the principle (maximum and minimum) curvatures at any given point. As
illustrated in Figure 1.1A, this can be achieved by non-uniform strains through the
thickness of the film, as described by Stoney2 and Timoshenko3 for bilayers. This
variation in strain can be pre-programmed into a thin film in many ways including
through-thickness variations in the thermal expansion, degree of swelling, or
ordering/orientation of a liquid crystalline moiety, either as a smooth gradient or
due to a contrast between discrete layers. However, in photomechanical materials,
the decay of light intensity I through the thickness of a film provides a natural
method to generate non-uniform strain, even for an otherwise homogeneous
material. Specifically, for an absorbing layer one expects that I(y) = Io exp(-µty),
where Io is the incident intensity, y is the spatial coordinate along the direction of
light propagation, and µt is the attenuation coefficient. For a film of thickness t > µt1

, most photons are initially absorbed at the surface of the film, generating a

gradient in deformation and therefore a spontaneous curvature.
An important consideration in programmed bending is that of “incompatible
curvatures”. In the case of materials with in-plane isotropy, such as many
2

Figure 1.1. Overview of mean and Gaussian curvature. (A) Mean curvature is
generated via non-uniform expansion through the thickness of a
photomechanical strip via an exponential decay in through-thickness light
absorption or through programmed variations in material properties. (B) An
isotropic material will bend along a single direction as specified by its geometry
while (C) introduction of anisotropy can lead to more complex shapes such as
helices. (D) Patterning of Gaussian curvature in thin films can be achieved
through in-plane variations in deformation. In the case of high expansion in the
middle and low expansion at the edges, the film will buckle into an elliptical shape
with positive Gaussian curvature. (E) In the opposite case, the film with buckle
into a hyperbolic (saddle-like) shape with negative Gaussian curvature.
hydrogels, the preferred curvature defined by a through-thickness variation is the
same along every direction. However, satisfying this preference to curve
isotropically would require a change in Gaussian curvature into a spherical shape,
and therefore significant stretching (as described in more detail below). Thus,
under most conditions the bilayer will instead bend along only one direction, as
selected by its in-plane geometry. For example, a rectangular sheet will generally
have an equilibrium configuration with curvature along its longer direction due to
edge effects (Figure 1.1B),4 although kinetic factors can often lead to mechanically
stable states that bend along other directions. The introduction of anisotropy into
3

the material, as in liquid crystalline polymers or many photomechanical crystals,
inherently breaks this symmetry, such that the ground state generally corresponds
to bending along the principal direction with the larger magnitude preferred
curvature. For example, a thin ribbon with principle curvatures oriented at ± 45°
relative to its long axis will generally adopt a helical shape as shown in (Figure
1.1C).

1.2.3

Patterned Stretching and Gaussian Curvature

Achieving more complex shapes that simultaneously curve along both directions
requires programming of the Gaussian curvature K = k1k2 , which geometrically
requires that there be non-uniform in-plane stretching, compression, or shear.5–8
For example, in an isotropic material such as a hydrogel, an appropriate gradient
from large swelling in the middle of a sheet to low swelling at the edges (controlled,
e.g., by patterning the crosslink density or hydrophilicity of the gel) can yield a
spherical cap with K > 0 (Figure 1D), whereas the opposite configuration generates
a saddle with K < 0 (Figure 1E). Similar principles hold for anisotropic materials
such as liquid crystal elastomers (LCEs), although in this case the orientation of
the material can also be varied along the in-plane directions to pattern the
emergent shape. For example, a circular disk that contracts more along the
azimuthal direction than the radial direction (e.g., an LCE with the director oriented
azimuthally around a +1 defect) will buckle into a conical shape that possesses a
K > 0 singularity at its tip, while the opposite configuration will yield a saddle-like
‘excess’-cone with a K < 0 singularity at the origin.
4

Light-induced patterning of Gaussian curvature can generally be
approached in one of two basic ways: (1) uniform illumination of a film with a
“blueprinted” 3D shape defined by pre-programmed in-plane variations in
deformation, or (2) non-uniform illumination of a homogeneous film using spatiallypatterned light. Although the latter approach offers the possibility to continuously
reprogram a single sheet of material into an arbitrarily large number of 3D shapes,
the design rules for programming shapes in this manner remain far less
established. In addition, the possibilities offered by combining elements of these
two approaches remain largely unexplored.
Notably, specifying K alone is insufficient to fully dictate three-dimensional
shape. For example, a spherical cap can either buckle upwards with H > 0 or
downwards with H < 0 but have the same Gaussian curvature in either case; for
more complex geometries, this can yield a multitude of mechanically stable
configurations with qualitatively different shapes. Thus, fully general strategies for
shape programming require routes to simultaneously prescribe both mean and
Gaussian curvature, a challenge that has so far been met in only a very few cases
for thermally actuated materials. 6,7,9–11

1.3

Photoresponsive Soft Materials Platforms

At the simplest level, materials capable of generating a photomechanical response
are composed of two basic elements: a photoactive moiety and a solid matrix.
While some chromophores can self-assemble into monoliths capable of lightinduced deformation,12,13 photoactive soft materials generally rely on the covalent
5

or non-covalent incorporation of a light responsive element within a polymer film.
In this section, common strategies to drive thermal or athermal mechanical
responses in response to illumination are reviewed.

1.3.1

Photothermal Materials

Photothermal materials generate heat when illuminated with light. To generate
shape change, photothermal heaters are typically combined with polymer matrices
that undergo a dimensional change in response to a thermal transition. Examples
of this strategy include driving expansion or contraction upon crossing a glass
transition (Tg) or melting transition (Tm) temperature in a polymer network, thermal
de-swelling of hydrogels exhibiting lower critical solution temperature (LCST)
behavior, or contraction along the director due to a reduction in order of liquid
crystalline networks (LCNs) (Figure 1.2). Because the deformation in such
systems is dictated by heat transfer, fast reversible shape transformation can be
achieved in systems on the length scale of ~10-3 – 10-1 m. While dyes14–18 and
carbon-based materials19,20 are often exploited to drive photothermal shapemorphing, metallic nanoparticles are among the most efficient and versatile
photothermal heaters. In particular, gold nanoparticles (AuNPs) can have a
photothermal conversion efficiency approaching unity for small nanoparticles and
have a much greater absorption cross-sections than dyes.21 Photothermal heat
generation in these materials occurs due to dissipation of heat from the collective
oscillation of free electrons on the metal lattice surface—the surface plasmon
resonance (SPR)—driven by resonant wavelengths of light. The wavelength at
6

which

maximum

occurs

is

absorption

determined

by

nanoparticle geometry and can
be modified through various
synthetic

methods.

For

example, by varying the wall
thickness in gold nanospheres
from solid spheres to thinwalled hollow nanoshells the
SPR can be tuned across the
visible region. Additionally, gold
nanorods exhibit an additional
SPR corresponding to the long

Figure 1.2. Examples of materials platforms
commonly used in photoactive systems.

axis of the particle that increases from the visible to the IR with increasing aspect
ratio.
The utility of gold nanoparticles in photothermal systems is illustrated by a
number of examples in the literature. Significant work has been done using
thermally-responsive hydrogels, where flood illumination

22–24

or spatiotemporal

patterns of light25–27 can drive complex shape change via controlled deswelling.
For example, Kim et al. showed that patterning of AuNP heaters in various
geometries in hydrogel disks drives controlled photoinduced wrinkling and
assembly.23 Similarly, Hauser et al. employed illumination fields of spatially-varying
intensity to transform an initially planar nanocomposite hydrogel sheet into a
7

variety

of

buckled

forms.25

Critically,

these

systems

are

dynamically

reconfigurable, as the hydrogels rapidly re-swell when heat is dissipated upon light
removal. In dry systems, nanocomposite work has largely been limited to
thermoplastic shape memory systems,28–30 and much less work has been pursued
in the field of liquid crystalline (LC) materials. However, the modest existing
literature examples show that combining plasmonic particles with LC materials of
varying geometry31,32 and chemical functionality33 with spatiotemporal light
patterns34,35 is a powerful strategy to realize dynamic, on-demand shapemorphing.

1.3.2

Photochemical Materials

Photochemical materials undergo a chemical transformation in response to light,
often leading to a change in geometry and/or connectivity at the molecular level,
as shown in Figure 1.3 for several major classes of photoswitches. If these
molecules can be organized to rearrange in a cooperative fashion, these
Angstrom-level structural changes can be harnessed to drive macroscopic
deformation. Typical strategies include incorporating photochemical molecules
into matrices capable of undergoing thermodynamic phase transitions involving
changes in size or shape, growing single crystals of photomechanical molecules,
or exploiting changes in covalent bonding to generate or dissipate stress. Crucially,
while the kinetics of the macroscopic material response in photothermal systems
is governed by heat transfer, photochemical materials allow greater tuning over
the kinetics of reversible shape transformation via control over the thermal
8

relaxation of molecules as dictated by the chemical details of the incorporated
photochrome. Additionally, while thermal broadening limits the achievable
resolution of light patterning in photothermal systems, the absence of these effects
in photochemical systems should, in theory, enable high fidelity patterning that is
limited by the optics of the system.
Though

many

classes

of

photochemical moieties have been
demonstrated

for

use

as

light

engines including those undergoing
ring opening and closing reactions
such

as

diarylethane36–38

spiropyran39,40

and

derivatives,

cycloadditions like anthracene41–43
and cinnamate derivatives,44,45 and
bond exchange such as allyl-sulfide
systems,46–48

containing
photoisomerization

is

the

most

commonly exploited strategy. Cis-

Figure 1.3. Examples of photochemical
elements

trans isomerization corresponds to the transformation of a molecular configuration
by rotation about a double bond. Azobenzene is among the most widely studied
photochromes of this class and can switch reversibly from a thermally-stable
extended trans-state to a bent cis-state upon absorption of a photon (Figure 1.3).
9

The reverse cis to trans isomerization can happen either by thermal relaxation or
absorption of a photon at another wavelength, the photophysics of which can be
tailored through ortho and para substitutions of the phenyl rings.
While early work on azobenzene-containing materials primarily made use
of amorphous matrices doped with photoactive units,49–51 the use of ordered
matrices, in particular liquid crystalline networks (LCNs), provides a more powerful
means to drive large shape changes. Upon conversion from the trans to cis forms,
the change in azobenzene shape tends to disrupt the local ordering of the
surrounding nematic network, resulting in a contraction along the director.
Pioneering efforts by Finkelmann and co-workers established that the amplification
of photomechanical shape change could be achieved in this way based on an
azobenzene-containing side-chain liquid crystal elastomer with a siloxane
backbone,52 and modern advances in chemistry have resulted in the extension of
these principles to main-chain systems possessing a variety of material
properties.53 Beyond linear actuation, photoinduced bending can be used to define
the mean curvature of an LC sheet upon photochemical deployment. Ikeda’s group
realized reversible 3D shape changes in polydomain LCN-azobenzene films54
through selective absorption of polarized light at the film surface by azobenzene
units aligned along the polarization direction, leading to a slight contraction along
this direction at the top surface, and therefore bending along a defined axis.
Photoinduced bending of azobenzene-functionalized LCNs has since been
harnessed to engineer devices capable of 3D articulation55–59 and autonomous
10

motion.15,60,61 In addition to control of mean curvature, prescription of director
orientation can be exploited to control helical twisting or formation of shapes with
non-zero Gaussian curvature. For example, twisted nematic director profiles –
where the in-plane director rotates by π/2 through the thickness of the film – in LCN
ribbons drives the formation of helices of controlled pitch and handedness.62–64 In
addition, optical control over shapes with more K ≠ 0 complicated geometries can
be realized through the programming of radially symmetric in-plane director
profiles in both nematic glasses65 and elastomers.66,67
Finally,

photochemical

moieties

offer

the

possibility

of

exploiting

supramolecular chemistry to generate a photoresponse. For example, the
complexation of azobenzene with cyclodextrin derivatives can be modulated with
light, and has been employed in both gel and dry systems for photoactuation.68
Harada and co-workers have shown that reversible complexation of NIPAm
copolymers with azobenzene and cyclodextrin can be used to modulate gel crosslink density in situ, thus inducing a light-triggered swelling response.69 More recent
work has extended this chemistry to dry systems, where rotaxane-based systems
can be exploited for photoactuation.70,71 While shape-morphing beyond simple outof-plane displacement of active beams has not yet been realized, these examples
demonstrate the potential of combined covalent and supramolecular strategies to
enable photoactuation.
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1.4

Thesis Outline

Despite the significant advances made in this field over the past several decades,
there remain numerous open challenges. First, the means by which to best
engineer the incorporation and organization of photoactive moieties within a
material to generate the desired photoresponse remains an enduring challenge.
Second, new tools are needed to design materials that deform into arbitrary 3D
shapes with targeted distributions of mean and Gaussian curvature, particularly in
the case of anisotropic materials where the elastic properties of the system are
increasingly complex compared to their isotropic counterparts. Finally, while the
delivery of light through free-space or waveguiding optical fibers is afforded
through widely available systems, the coupling of illumination to devices in arbitrary
geometries remains difficult.
To address the above challenges, this thesis explores ways to program
specific photomechanical responses via the design of polymeric systems
containing both photothermal and photochemical moieties. Chapters 2-3 explore
the utility of photothermal heating due to the surface plasmon resonance (SPR) of
spherical AuNPs to drive reconfigurable shape changes of LCEs via both
waveguided and free-space illumination. In Chapter 2, a method for spatially
photopatterning AuNPs is introduced and used to program the articulation of LCE
fibers in free-space via waveguided light.72 Next, in Chapter 3, we extend this
patterning methodology to thin LCE sheets with a unidirectional director field and
demonstrate that local AuNP absorbance can be used to introduce in-plane

12

variations in photothermal heating to prescribe arbitrary Gaussian curvature and
photoinduced motion.73
Beyond photothermal systems, we apply principles from Chapter 2-3 to
photochemical systems in Chapter 4-5 and explore new ways to harness
azobenzene isomerization to prescribe shape change. In Chapter 4, we describe
the synthesis and characterization of semi-crystalline poly(azobenzene)s, wherein
isomerization triggers photoinduced melting of crystalline lamellae that can be
harnessed for shape memory photoactuators. In Chapter 5 a new means of
photopatterning

hydrogel

deformation

is

demonstrated

using

reversible

cyclodextrin-azobenzene supramolecular complexes. Finally, Chapter 6 presents
a summary of the completed work and an outlook on future work.
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CHAPTER 2
LIQUID CRYSTAL ELASTOMER WAVEGUIDE ACTUATORS+

2.1

Introduction

Free-space illumination is the most commonly employed mode of light delivery
used to trigger actuation in photomechanical devices. However, this means of
deployment limits the utility of these devices to scenarios where direct and
constant line-of-sight access is feasible. To overcome these limitations,
waveguiding can be used to efficiently transport light over long distances and in
arbitrary geometries. Despite these advantages, there are relatively few examples
in the literature that couple waveguided light to photomechanical actuators.74 Work
by the Kuzyk group has studied the deformation of azobenzene dye-doped
poly(methyl methacrylate) (PMMA) optical fibers for use in interferometer
applications and demonstrated the possible utility of such photomotile devices.75–
78

In another example, Otani and co-workers constructed a micromanipulator using

black dye on beveled polymer optical fibers to localize photothermal
expansion.79,80 However, in both of these systems deflection is modest (< 1º).
Photoactive waveguides based on inorganic materials have also been
demonstrated,81 though these too are limited to small deflection angles. Actuation
into a more complex shape was demonstrated by Small, et al. who used a shape
memory polymer doped with a near-infrared (NIR) absorbing dye to drive

+
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irreversible actuation into a coil upon absorption of guided light.82 More recently,
Zhou, et al. demonstrated reversible bending by up to 50º using poly(Nisopropylacrylamide) (PNIPAM) hydrogel nanocomposites loaded with gold
nanoparticles.83 While these examples show the promise of harnessing
waveguided light as an actinic stimulus, reversible bending along multiple
directions with large deflection angles remains an open challenge.
In this Chapter, we demonstrate a strategy for fabricating liquid crystal
elastomer (LCE) fibers containing patterned regions doped with gold nanoparticles
(AuNPs) to drive photothermal deformation in response to waveguided visible light.
While thermal actuation84–87 and unidirectional photoactuation55,88,89 of LCE fibers
has been previously demonstrated, to our knowledge this is the first demonstration
of using these materials as actuating waveguides. Photoreduction of gold salt is
used to localize deformation to specific “hinge” regions to achieve articulation in
three-dimensions. With this platform, we demonstrate bending by up to 14º at a
single actuator and incorporate as many as three hinges with independently
patterned bending characteristics in a single cm-scale fiber for complex and
reversible shape changes on a timescale of several seconds.

2.2
2.2.1

Materials and Methods
LCE Fiber Synthesis and Fabrication

The procedure of Yakacki et al.90 was
Pentaerythritol tetrakis(3-mercaptopropionate)

used with slight modifications.
(PETMP), 2,2-(ethylenedioxy)

diethanethiol (EDDET), 2,2-dimethoxy-2-phenyl-acetophenone (Irgacure 651),
15

dipropylamine (DPA), gold(III) chloride trihydrate (HAuCl4), and oleylamine were
purchased from Sigma Aldrich and used without further purification. The mesogen
1,4-Bis-[4-(3-acryloyloxypropyloxy)benzoyloxy]-2-methylbenzene (RM257) was
purchased from Wilshire Technologies and used as received. RM257 (0.5 g),
EDDET (0.12 g), PETMP (0.024 g), and Irgacure 651 (3 mg) were dissolved in
toluene (420 µL) under gentle heating with a heat gun. After the solids were fully
dissolved, the solution was cooled to room temperature and a catalytic amount of
DPA (1.5 µL) was added. Finally, the solution was degassed under vacuum, filled
into cylindrical silicone molds, and cured in the dark at room temperature for 12 h.
Following gelation, the clear gel preforms were dried under vacuum at 50 ºC for
several hours to yield opaque white fibers. The dried fibers were placed under
200% strain along the long axis of the fiber using a homemade stretching device
and polymerized under UV light for 10 min (90 mW cm-2).

2.2.2 Gold Nanoparticle Patterning
The gold precursor solution was prepared by sequentially combining gold(III)
chloride trihydrate (200 µL of 0.1 M solution in acetone), 2,2-dimethoxy-2-phenylacetophenone (400 µL of a 0.5 M solution in toluene), and oleylamine (200 µL of
a 0.3 M solution in toluene) in a pre-cleaned vial. Upon addition of the oleylamine,
the bright yellow solution became clear and was aged for 1 h to yield a pale brown
solution. Following aging, 1 µL droplets were deposited on the surface of the fiber
and placed in a closed container to prevent evaporation of the toluene/acetone
mixture. After several minutes, the droplet locally swelled the preform, as
16

evidenced by a slight bend in the fiber and the appearance of an opaque bump
where the droplet was deposited. To initiate particle formation, UV light was
focused on the surface of the fiber where the gold salt was deposited using a DMD
(DLP Discovery 4100, .7 XGA, Texas Instruments) attached to an inverted optical
microscope (Nikon ECLIPSE Ti) in increments of 60s depending on the desired
absorbance. An advantage of this approach compared to the use of a more
conventional UV source is that it avoids significant heating of the sample, providing
better defined patterns of AuNPs. After UV exposure, the fibers were dried under
vacuum to remove residual solvent.

2.2.3

Instruments and Measurements

Optical properties of the LCE devices were measured using a UV-vis
spectrophotometer (Hitachi, U-3010) with planar LCE sample geometries prepared
by a similar method as above. Order parameters were calculated from wide-angle
X-ray scattering collected using a GANESHA 300 XL (SAXSLAB) by numerically
integrating in MATLAB
(

B⁄)

𝑆 = 1 − 𝑁 &' ) ∫D
B⁄)

where 𝑁 = ∫D

𝐼(𝜃) /sin) 𝜃 + (sin 𝜃 + cos ) 𝜃)𝑙𝑜𝑔

'9:;< =
>?: =

@ 𝑑𝜃

(2.1)

𝐼(𝜃)𝑑𝜃.91 Deformation of the fibers was measured by heating a

small sample of an aligned fiber in silicone oil on a silicon substrate on a heat stage
(Instec). Images were taken using an upright microscope (Zeiss, Axiotech Vario)
outfitted with a camera (Pixelink), and length change was measured using ImageJ
software. Photoactuation experiments were conducted using a 532 nm DPSS laser
17

(Laserglow), the intensity of which was controlled using absorptive neutral density
filters (Thorlabs). Laser light was delivered to the LCE fiber through a 500 µm
diameter FC terminated POF with a PMMA core. A camera (Nikon 5500) was used
to monitor the photoresponse and the bend angle was measured using Tracker
software (Open Source Physics). For flood actuation experiments, a fiber was
placed in water to provide heat dissipation and illuminated by bringing the tip of the
POF attached to the laser close to the nanoparticle region of an LCE actuator. For
waveguiding experiments, the cladding was removed from the end of the POF and
the tip was attached to the end of an LCE actuator by fixing the POF and LCE in
place using a piece of double-sided tape and mechanically aligning the fibers to
maximize light transmission.

2.3

Results and Discussion

To fabricate a thermally-responsive fiber we employ a dual-cure LCE platform
developed by Yakacki and coworkers.90,92 As illustrated in Figure 2.1A-B, a
loosely-crosslinked fiber preform is fabricated via gelation in a cylindrical mold.
Following gelation, preforms are placed under 200% tensile strain to align the
director along the long axis of the fiber and are subsequently cross-linked under
UV light to form a nematic monodomain with a Young’s modulus of ≈ 1 MPa, as
characterized in a previous report.[36] The fibers are nematic elastomers at room
temperature with a glass transition temperature of Tg = 3 °C and a nematic to
isotropic transition temperature of TNI = 3 °C (Figure 2.1C). To formulate a device
that allows for spatiotemporal control over photoinduced bending, we sought a
18

method

to

incorporate

photoresponsive moieties in
discrete regions along the
fiber.

While

photothermal

dyes have been previously
exploited
photoresponsive

as
hinges,93

we employ AuNPs, which
have
Figure 2.1. (A) Aligned fibers are fabricated by
polymerizing loosely-crosslinked pre-forms
under
strain.
Subsequently,
localized
photoreduction
of
gold
salt
imparts
photoresponsiveness. (B) Monomers used in the
LCE synthesis. (C) DSC thermogram of the
fibers.

significantly

absorbance

higher
and

photothermal efficiency than
comparable dyes, due to the
large

absorption

cross-

section provided by their surface plasmon resonance (SPR). To ensure uniform
incorporation and to limit the aggregation of particles within a spatially-controlled
region we use photoreduction of gold salt, which has been demonstrated both in
solution94 and solid matrices.23,95 Typical processes employ photoinitiators that
generate ketyl radicals because of their high redox potentials to catalyze the
reduction of Au3+ to Au0.96 We adapt this approach by using oleylamine in addition
to HAuCl4 and a ketyl-based UV photoinitiator. The oleylamine serves two
purposes: 1) to initially reduce the gold partially, so that shorter UV exposure times
can be employed and 2) to coordinate the gold particles and stabilize them in the
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polymer matrix.97–99 A 1 µL droplet of
the gold precursor solution is deposited
on the surface of a pre-aligned fiber in
the desired region. After localized
swelling of the fiber with the deposited
salt solution, the fiber is exposed to UV
light focused on its surface to catalyze
the formation of nanoparticles. Finally,
excess solvent is removed under
vacuum to yield a patterned device.
Following solvent removal, the fiber
retains a bend where swelling occurred
due to a slight decrease in the order
parameter due to molecular memory of
the
Figure 2.2. (A) Fibers show > 30%
contraction along their long axis upon
heating (black circles) but only partially
re-elongate after subsequently cooling
(white circles). After the first heating
cycle, ≈ 25% strain is reversible over
several cycles (inset). (B) The
crosslinked fibers demonstrate good
alignment as demonstrated by WAXS
(left) and birefringence between
crossed polarizers (right).

initial,

lightly

crosslinked

polydomain state. It is well-established
that in double networks there is a
competition

between

the

elastic

restoring force of the first network and
the imposed strain of the second
network.100,101 While crosslinking locks

in a monodomain, a fiber cycled above and below TNI never returns to its full initial
length. Instead, the fiber selects an equilibrium length at room temperature that is
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slightly shorter than the length following photocrosslinking which the fiber returns
to on each subsequent cycle (Figure 2.2A). This indicates that the network
reaches a state that balances the restoring force of the first network towards a
polydomain and the nematic ordering of the second network that forces the
polymer chains to be extended along the long axis of the fiber.102
The final devices have a
diameter of d = 700 - 800 µm and are
cut to the desired length using a razor
blade. The fibers are well-aligned
along their long axis with a measured
order parameter of 0.34 and are
observed

to

undergo

reversible

strain

upon

≈

25%

uniform

heating and cooling (Figure 2.2A-B).
Following doping with gold salt and
photoreduction,

the

formation

of

AuNPs is confirmed by ultraviolet-

Figure 2.3. Following UV exposure,
strong absorbance at ≈ 530 nm is
measured by UV-vis spectroscopy,
indicating
formation
of
gold
nanoparticles. As the exposure time is
increased, stronger absorbance is
observed due to growth of the
nanoparticles.

visible (UV-vis) spectroscopy, where a strong absorbance at ≈ 530 nm is observed
that corresponds to the surface plasmon resonance (SPR) of spherical particles
(Figure 2.3). Additionally, we find that the absorbance of the AuNPs increases with
exposure time, providing a simple means to specify the optical density of each
nanocomposite region independently.
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To evaluate the photoactuation of the patterned nanocomposite fibers, a
532 nm diode pumped solid state (DPSS) laser is used. First, the photoresponse
under free-space illumination is evaluated by shining the laser onto the
nanoparticle-loaded region. The fiber is observed to bend at the hinge region
towards the side patterned with AuNPs and reaches an equilibrium bend angle
within a few seconds. Because the AuNPs are localized near one side of the fiber,
the temperature rise is greatest close to the fiber surface and decays through the
thickness. This temperature gradient generates a decreasing strain through the
thickness of the fiber, causing it to bend towards the surface of greatest strain.
When the laser is turned off, the fiber cools as heat is transferred away and it
relaxes back to its initial conformation. The observed, reversible bending in
response to light and relaxation in the dark confirms that photothermal heat
generation from the AuNPs is sufficient to drive actuation at room temperature.
Following confirmation of the photoresponse due to flood actuation, we next
explore actuation in response to waveguided light. A PMMA polymer optical fiber
(POF) patch cord of 500 µm in diameter with the jacket at the end of the cord
removed is used to couple the laser to the end of a nanocomposite fiber (Figure
2.4A). The underside of the LCE fiber is attached to a glass slide by double sided
tape and a microscope is used to align the end of the fiber with the POF, after
which the POF is taped to the glass substrate to hold it in place. To evaluate the
light-induced bending behavior, the fiber is exposed to 0.017 Hz illumination cycles
(30s on / 30s off) at varying light intensities. When the light is turned on, the bend
angle smoothly increases to a constant angle which is held until the light is turned
22

Figure 2.4. (A) Schematic of an LCE waveguide couple to a DPSS laser via a
PMMA waveguide (left) and a photograph of the initial waveguide configuration
before illumination (right). The initial bend angle is due to a slight gradient in
order parameter through the thickness of the fiber after swelling with gold salt.
(B) Photographs of steady state bend angle under different laser intensities. (C)
Actuator response during 30 s of waveguided illumination at different laser
intensities. The laser is turned on at 8 s and turned off at 38 s. The bending
angle increases with increasing light intensity due to greater photothermal heat
generation and relaxes back to nearly its original position over a few seconds
when the laser is turned off. (D) Repeated actuation during illumination cycles
of 30 s on/30 s off.
off and the fiber relaxes continuously to its initial conformation. As the light intensity
increases, the change in bending angle also increases due to greater heat
generation, with up to a 13º bend angle observed for a maximum intensity of 230
mW cm-2 (Figure 2.4B,C); this behavior is repeatable over several cycles (Figure
2.4D). We note that the attainment of a constant bend angle while the light is on
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indicates that thermal steady state is achieved, and that this steady state is
characterized by a sufficient thermal gradient across the fiber diameter to drive
bending. This requires heat transfer out of the fiber to be appreciable—if the fiber
were perfectly insulated, the temperature would continue to increase over time,
ultimately leading to a nearly uniform contraction of the fiber rather than localized
bending. A coarse (order-of-magnitude) estimate of the steady-state temperature
increase can be made as follows. Assuming that 10% of the laser power is
absorbed by particles, a given actuator yields a total heat generation of q = 0.02
W. Simplifying the problem to conduction in an infinite medium, with a typical
thermal conductivity (k) value for the polymer fiber of 0.2 W m-1 K-1, the
temperature increase at the edge of an actuator with characteristic size l = 1 mm
can be estimated as ΔT » q/(4πkl) » 10 K. From the data in Figure 2.1B, we note
that this would correspond to a difference in strain across the fiber of several
percent, consistent with the modest changes in radius of curvature relative to the
fiber radius observed during photoactuation.
As shown in Figure 2.4B, the incident laser light can be observed along the
length of the fiber due to scattering losses, with a substantial decrease in intensity
following the AuNP region due to absorption. Additionally, scattering can be
observed at the tip of the LCE fiber, indicating that at least some portion of the light
is guided through the entire length of the cm-scale device. Using UV-vis
spectroscopy to measure the transmittance T of a planar sample of known
thickness t with uniform in-plain director orientation, the optical loss can be
estimated from
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𝑙𝑜𝑠𝑠 = −
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𝑙𝑜𝑔(𝑇).

(2.2)

Given a sample of t = 170 µm and an estimated reflectance of 8% (4% from each
interface), the transmittance is ~ 95% at 532 nm which gives an optical loss in the
LCE materials of 13 dB cm-1 (Figure 2.5), which is most likely dominated by
scattering from defects in the ordering of the mesogens. While the samples are
globally oriented, the presence of interfaces between micrometer-scale domains
with slightly different orientation can
give rise to substantial scattering of
light.103

However,

given

that

appreciable light intensities are still
present even towards the end of cmscale devices, we suspect this value
to be an over-estimate of the real
losses in the fiber, perhaps due to the
difference in mesogen orientation

Figure 2.5. Optical loss as a function of
wavelength calculated from UV-vis
transmittance measurements.

relative to the direction of light propagation in the two cases. In future work, it will
be important to evaluate the optical losses of these materials in greater detail. In
particular, we anticipate that it may be possible to reduce the relatively high losses
of current devices through improvements in ordering of the LCE fiber. For
reference, optical fibers with small molecule LC cores have shown losses of ~1 dB
cm-1 for highly oriented mesophases.104 Although we expect that monodomain
LCEs will generally have higher optical losses than their small molecule
counterparts due to the presence of non-LC monomers and crosslinkers that can
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lower the order parameter, optimization of the fiber processing approach is likely
to improve transmission substantially. However, for cm-scale devices such as
those demonstrated here, even such large losses do not preclude a robust
photomechanical response.
To characterize the actuation kinetics, single exponential curves are fit to
the data of bend angle vs. time after turning the laser on and off. Upon illumination,
the fiber bent with a time constant of 3.3 s and when the light was turned off, the
fiber relaxes with a time constant of 7.7 s. These timescales are consistent with
the expected timescale for heat transfer, roughly estimated as 𝜏 ~ 5 s from 𝜏 ~ d2/Dt
where Dt ~ 10-7 m2 s-1 is a typical value of thermal diffusivity for a polymer matrix.105
While the bending kinetics of the LCE fiber are similar to those previously reported
for waveguiding actuators based on hydrogels,83 the backwards kinetics are
several-fold faster. While heat transfer effects alone could conceivably account for
the observed differences in the forward and backward kinetics, it is also possible
that viscoelastic properties play a role in setting the actuation timescale. Further
study is required to fully understand these effects.
Multiple bends in a single fiber are achieved by depositing several droplets
of gold precursor solution at different positions along the same fiber. For example,
the responses of fibers containing two discrete actuators are shown in Figure 2.6.
In Figure 2.6A, the actuators contain nanoparticles on the same side of the fiber
with no offset in azimuthal position. To mitigate the effects of decreasing light
intensity along the length of the fiber due to absorbance by the first actuator and
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Figure 2.6. Deformation of a fiber containing two actuators. (A) Side view of a
fiber containing two actuators fabricated on top of the fiber before illumination.
(B) When the light is turned on, the fiber bends by 18° and 10° at actuators 1
and 2, respectively. (C) Side view of a fiber containing two actuators fabricated
on opposite sides of the fiber (180° offset) before illumination. (D) When the light
is turned on, the fiber bends up by 15° at actuator 3 and down by 5° at actuator
4. Stick diagrams on the far right show the overlay of each hinge with and without
light stimulation for ease of viewing.
scattering losses, the second actuator is fabricated with double the exposure time
to increase its absorbance relative to the first actuator. When light is guided
through the fiber as shown in Figure 2.6B the first actuator bends by 18° and the
second actuator by 10° along the +z axis. However, when the actuators are
azimuthally offset by 180º, bending along both the +z and –z direction is achieved
(Figure 2.6C-D). In this configuration, the fiber bends upwards by 15° at the first
actuator and downwards by 5° at the second (Figure 2.6D).
Finally, bending along multiple different axes within the same fiber is
realized, as shown in Figure 2.7. Three discrete actuators are fabricated with
increasing absorbance and separated by ~ 5 mm each, as can be seen by the
side-view in Figure 2.7A. Actuator 1 is located on the top of the fiber, while
actuators 2 and 3 are offset by +90° and -90°, respectively. As evidenced by
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Figure 2.7. Deformation of an optical fiber containing three actuators. (A) Side
view with the light off. Actuator 1 corresponds to nanoparticles placed on the top
of the fiber and actuators 2 and 3 correspond to nanoparticles placed on
opposite sides of the fiber, each offset 90° from actuator 1, and 180° from each
other. (B) Side view with the light on shows that actuator 1 bends 14° under light
stimulation. (C) Top view with the light off. (D) Top view with the light on showing
that actuator 2 and 3 bend the fiber in opposite directions by 10° and 3°,
respectively. Stick diagrams on the far right show the overlay of each hinge with
and without light stimulation for ease of viewing.
Figure 2.7B, when the light is turned on, the fiber bends upwards along the +z
direction at the first actuator but not along actuators 2 and 3. When viewed from
the top, as shown in Figure 2.7C and Figure 2.7D, the fiber is shown to bend in
the +y and –y directions at actuators 2 and 3, respectively. The fiber bends by a
decreasing degree as the light travels down the length of the fiber with bend angles
of 14°, 10°, and 3° for actuators 1, 2, and 3, respectively, due to decaying intensity
as can be observed in Figure 2.7D.
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2.4

Conclusion

In conclusion, we have demonstrated the fabrication of photothermal actuators
amenable to control via waveguided light using an LCE nanocomposite system.
Photoresponsive regions can be precisely defined via photoreduction of gold salt
to drive bend angles of > 14º on the timescale of seconds. Furthermore, bending
in multiple directions can be achieved through judicious choice of nanoparticle
placement and can be used to program bending into three-dimensional
conformations with arbitrary placement and direction of bends upon deployment.
Finally, this method provides a means to control the device in situations where lineof-sight access is not feasible and waveguiding removes the need to synchronize
the location of the light source in free space with that of the actuators.
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CHAPTER 3
BLUEPRINTING PHOTOTHERMAL SHAPE-MORPHING OF LIQUID
CRYSTAL ELASTOMERS‡

3.1

Introduction

Morphing of two-dimensional sheets into three-dimensional shapes is a useful
strategy to dynamically alter the physical properties of materials, offering diverse
applications in fields ranging from biomedical devices to advanced manufacturing.1
Over the past decade, numerous studies have focused on programming desired
three-dimensional structures of soft materials such as shape-memory polymers
(SMPs)106,107 and gels5,6,108,109 by introducing spatial variations in thermal
expansion/contraction, swelling, or molecular order.110 A particularly useful class
of materials to achieve dynamic two-dimensional (2D) to three-dimensional (3D)
shape transformations are liquid crystal elastomers (LCEs), where coupling
between the orientational ordering of polymerized mesogens and the conformation
of a polymer backbone can be leveraged for large, anisotropic deformations that
are dictated by the director field.111,112 Using oriented surface alignment layers113
or microchannels,114 director orientation can be patterned with a resolution
approaching 10 µm.115 A subsequent reduction of nematic ordering, usually driven
by heating, leads to local contraction along the director and expansion along the
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transverse directions, driving out-of-plane buckling into 3D shapes that are
‘blueprinted’ by the pattern of director orientation. However, while geometric
methods allow for the deduction of the necessary in-plane director orientation field
required to generate a desired profile of Gaussian curvature,7,9,10,116 there are a
number of practical drawbacks to this approach. First, prescription of complex
director fields requires significant processing, making high-throughput fabrication
and evaluation of designs challenging. Additionally, the surface alignment methods
needed to specify director orientation with high spatial resolution are only
amenable to certain chemistries due to the need for high mesogen content, and
thus cannot be widely generalized to all LCE systems. For example, while classical
LCE systems based on siloxanes,117,118 as well as recently developed systems that
rely on simple and efficient ‘click’ chemistries,92 offer attractive thermal and
mechanical properties for shape-morphing systems, they typically only allow for
alignment of the director field with coarse spatial resolution such as through
application of shear stress119–121 or magnetic fields.57 To circumvent the need for
a spatially-varying director orientation, where the direction of deformation varies
but the magnitude is constant, a potential alternative method to drive shape
change is to instead locally prescribe the magnitude of deformation within an
otherwise homogeneous director field. While spatial variations in the extent of
deformation have been widely employed for shape programming of isotropic
gels5,109,122–125 and briefly considered in seminal theoretical work on LC
polymers,126 this approach has yet to be experimentally realized in LCE systems.
Furthermore, no theory for this means of shape programming in anisotropic
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materials exists despite the potential generality of this method to any LCE system
that can be aligned into a monodomain with a unidirectional director field.
While most LCE systems rely on uniform heating to trigger shape change,
optically-driven shape morphing is an attractive approach owing to the remote
deployability, spatiotemporal control, and dynamic reconfigurability offered by
using light as a control stimulus. Furthermore, light-responsive systems are
particularly useful for programming deformation profiles, either through
spatiotemporally patterned light fields or flood illumination of materials containing
localized inclusions of photothermal or photochemical moieties.110 Programmed
buckling in response to both patterned and flood illumination has been widely
exploited in gel19,22,25 and shape-memory polymer systems.16,46,127,128 In contrast,
work on liquid crystalline materials has focused primarily on the use of spatially
patterned light14,34,48,129,130 with a few exceptions including azobenzene-containing
LCEs with shapes blueprinted by director orientation66 and LC polymer networks
with coarsely patterned photothermal regions.87,93
In this work, we explore the utility of the strategy of spatially-patterned gold
nanoparticles (AuNPs)23,72 presented in Chapter 2 to blueprint shape changes of
thin LCE nanocomposite (LCENC) sheets with unidirectional in-plane director
fields in response to flood illumination. Specifically, we show that discrete patterns
of photothermal inclusions can generate a rich array of dynamic shape changes
due to buckling driven by nearly discontinuous changes of in-plane deformation.
Furthermore, smooth variations in deformation can be programmed via grayscale
patterning of AuNP absorbance to yield more complex shape changes. Finite
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element method (FEM) simulations are used to help understand the shapes
selected by these materials, in concert with an analytical model based on the
principles of Gaussian morphing5,8,131,132 that provides a general approach to the
design of axisymmetric shapes through unidirectionally varying stretch profiles.

3.2
3.2.1

Materials and Methods
LCE Fabrication and Synthesis

The procedure of Ahn and co-workers133 was followed with slight modification. 1,4Bis[4-(6-acryloyloxyhexyloxy)benzoyloxy]-2-methylbenzene

(RM82),

n-

dodecylamine, and 8-amino-1-octanol were combined in a molar ratio of
1.1:0.5:0.5 with 2.5 wt% of 2,2-dimethoxy-2-phenyl-acetophenone (Irgacure 651)
in a vial and melted at ≈ 85 °C and vortexed repeatedly. Following evacuation to
remove air bubbles, the molten mixture was infiltrated via capillary action into
alignment cells composed of two glass slides coated with Elvamide polyimide
(DuPont), rubbed with a velvet cloth, and set to 50 µm thickness with glass
spacers. Samples were placed in an oven at 55 °C to oligomerize overnight,
subsequently cured with UV light (10 mW cm-2) for 30 min and harvested by
soaking in warm water and gently opening the alignment cells with a razor blade.

3.2.2

Photopatterning of Nanocomposites

Stock solutions of HAuCl4 (11.8 mg, 0.035 mmol) in acetone (0.3 mL), oleylamine
(59 mg, 0.22 mmol) in toluene (0.5 mL), and Irgacure 651 (56.2 mg, 0.22 mmol) in
toluene (0.5 mL) were freshly prepared. To prepare the gold nanoparticle precursor
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solution, 200 µL of HAuCl4, 400 µL of Irgacure 651, and 200 µL of oleylamine stock
solutions were sequentially added to a vial and diluted with 800 µL of toluene. Films
were swelled in gold solution, blotted on filter paper to remove excess solution,
and sandwiched between a glass slide and a photomask. Photomasks were
prepared in Matlab and Adobe Illustrator, fabricated via inkjet printing (HP LaserJet
500) on plastic transparency films (Apollo Laser Printer Transparency Film), and
glued on glass coverslips. Samples were exposed to 30 mW cm-2 of light with 365
nm wavelength (Thorlabs) for 10 s, developed in acetone for 60 min to remove
unreacted gold salt, and dried.

3.2.3

Prescription of Photomasks

A calibration curve for stretch as a function of % black was generated by
performing a linear fit of experimentally-measured stretch. Given a square sheet
in the u-v plane with constant direction orientation along u, the computed stretch
profile is decomposed into 256 slices as a function of v and the calibration curve
is used to define a numerical value between 0 (0% black, nearly transparent to UV
light) and 1 (100% black, nearly opaque to UV light). Finally, the image() and
colormap(gray) functions in Matlab are used to convert the 256 slices into a square
image where each slice has a constant gray value along u. Following generation
of the grayscale images, masks are re-sized in Adobe Illustrator to the appropriate
dimensions.
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3.2.4 Instruments and Measurement
UV-vis spectra were recorded on a fiber optic spectrometer (Ocean Optics Flame).
Thermal gravimetric analysis (TGA) was performed using a TA instruments TGA
2950. Samples were heated from room temperature at 20 °C min-1 to 600 °C and
the weight percent of gold nanoparticles was calculated from the difference in
maximum weight loss between neat and nanocomposite samples. Differential
scanning calorimetry (DSC) was performed on a TA Instruments DSC Q200.
Samples of ≈ 3 mg mass were heated to 150°C, cooled to -50 °C, and heated
again to 150°C at 10°C. All values were calculated from the second heating cycle.
Mechanical properties were determined from tensile tests performed on 10 mm x
1 mm x 0.05 mm strips using a TA instruments Q800 Dynamic Mechanical
Analyzer. Samples were loaded along the director at 0.2 N min-1 and the elastic
moduli were calculated from linear fits to the initial linear regime of the deformation
curve.
To evaluate photoactuation, samples were placed on a hot plate covered
with filter paper to prevent sticking and heated to 85 °C. All actuation experiments
were performed with a 530 nm LED (LEDSupply) generating an intensity of 200
mW cm-2 and shape transformations were recorded using a camera (Nikon 5500).
Photothermal heat generation was measured using an IR camera (FLIR E4).
Displacement data during oscillation was extracted from recorded videos recorded
at 60 fps using Tracker software (Open Source Physics). Because the timescale
of snapping is similar to that of the frame rate, blurring of images prevented the
use of some frames for tracking analysis during snapping.
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3.2.5 Heat Transfer Calculations
The temperature profile due to photothermal heating in an illuminated sheet is
simulated using PDE Toolbox in Matlab. The simulated geometry is an
axisymmetric disk of material with thermal conductivity k = 0.2 W m-1 K-1, radius ad
= 5 mm and thickness t = 50 µm, possessing a centered circular photothermal
inclusion of radius ap = 2.5 mm (see Figure 3.6A and later discussion). In reality,
the heat generation will decrease through the thickness following an exponential,
rather than step-wise, function, with a penetration depth that depends on
nanoparticle concentration. As a simplified approach to understand the potential
effects of this non-uniformity in heat generation through the thickness, we take the
photothermal inclusion to occupy only the top half of the disk thickness. The
photothermal heat generation in this region is estimated as Q = 3.2*107 W m-3,
chosen to match the total heat generated based on the maximum experimental
value of absorbance (A » 0.7) and a light intensity of 200 mW cm-2. We treat heat
loss from the disk as dominated by convection, with a heat transfer coefficient of h
= 33 W m-2 K-1 as estimated from heat transfer correlations for a horizontal plate.134

3.2.6

FEM Simulations•

In the finite element simulations, thin LCE sheets are modeled with the same
geometry as that in the experiments, i.e. a square shape with a width-to-thickness

•

Performed by Yuzhen Chen and Prof. Lihua Jin (Department of Mechanical and
Aerospace Engineering, UCLA). Geometric theory was provided by Prof. Antonio
DeSimone (MathLab, SISSA-International School for Advanced Studies;
Department of Excellence in Robotics and AI, Scuola Superiore Sant’Anna).
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ratio of 200. We model these LCE sheets by using the neo-classical free energy
density135,136 implemented into Abaqus as a user subroutine UMAT. The ratio of
the bulk modulus to the shear modulus K/µ is set as 500, which indicates that the
Poisson’s ratio is 0.499 and thus the sheets are nearly incompressible. A stretchtemperature relation (Figure 3.1C), fitted to the experimental measurement, is
introduced into the free energy135,136 to describe the temperature-dependent
anisotropy of LCEs
𝜆 = 0.6N1 + 1.778

')D&Q
RD

, 60℃ ≤ 𝑇 ≤ 120℃.

(3.1)

Although in experiments the stretch is defined with respect to the length at room
temperature, in FEM simulations the lengths below 60 °C and above 120 °C are
treated as those at 60 °C and 120 °C, respectively, because the difference is
negligible. The above stretch-temperature relation indicates that the nematic LCEs
start to deform at 60℃ and continuously deform until 120 °C, yielding a maximum
stretch of 0.6 parallel to the director. Using the above equation, the stretch patterns
in the experiments are converted into temperature distributions, which are
assigned to the LCE sheets as pre-defined fields. The element type is threedimensional hybrid quadratic brick with reduced integration (Abaqus type
C3D20RH). We performed a mesh refinement study to ensure that there are at
least three elements along the thickness and that the aspect ratio of a single
element is no greater than 5. As a result, approximately 3x104 elements are
involved in each finite element model. The LCE sheets in all the simulations have
free boundary conditions, except the case shown in Figure 3.14B, in which
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symmetric boundary conditions about u/w = 0.5 is applied. Artificial damping is
introduced into the static general procedure such that the sheets can snap to a
stable equilibrium state when loss of stability occurs. The damping factor in the
simulations is determined based on the dissipated energy fraction, which is set as
1x10-5, a value that can suppress instabilities without having a significant effect on
the solutions.

3.3

Results and Discussion
To fabricate monodomain LCEs, 50
µm thick planar nematic films are
synthesized following the work of
Ahn and co-workers (Figure 3.1).133
This chemistry is employed due to its
amenability

to

formation

of

monodomain samples with relatively
Figure 3.1. Synthesis of liquid crystal
elastomers. Telechelic oligomers are
first synthesized via the reaction of a
slight excess of diacrylate mesogens
with a mixture of amine chain extenders.
Subsequently, the preserved acrylate
end-groups are used to photo-crosslink
the oligomers to lock-in a monodomain
alignment.
with

the

diacrylate

mesogen

RM82

low

nematic-isotropic

temperatures

(TNI)

transition
and

large

thermomechanical strains. Briefly, ndodecylamine

and

8-amino-1-

octanol are mixed in a 1:1 molar ratio
with

an

overall

stoichiometry

of

diacrylate:amine functionalities of 1.1:1, selected to afford a cross-link density that
allows for large strains while maintaining sufficient mechanical robustness. All
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reactants are melted in a vial with 1
wt% photoinitiator, filled between two
rubbed polyimide-coated glass slides,
and oligomerized in an oven overnight
at 55°C. Following oligomerization,
films are photopolymerized under UV
light and the resulting monodomain
samples are harvested. To impart
photoresponsiveness to the LCEs, gold
nanoparticles (AuNPs) are produced
by in-situ photoreduction of gold salt
within the pre-formed films as reported
in Chapter 2.72 LCE samples are

Figure 3.2. (A) AuNPs are spatially
incorporated
into
LCEs
via
photoreduction of gold salt with UV
light. (B) AuNP absorbance is
controlled by modulating the light dose
via grayscale photomasks that vary
from 0% black (transparent) to 100%
black (opaque).

swollen with a solution of HAuCl3, oleylamine, and photoinitiator and exposed to
UV light through a photomask to produce AuNPs via photochemical reduction
(Figure 3.2A). Because the degree of gold reduction is controlled by the dose of
UV light, the resulting absorbance of the nanocomposite can be spatially
programmed using grayscale photomasks (Figure 3.2B).123
The as-synthesized films are monodomain nematic elastomers possessing
constant director orientation (Figure 3.3A-C) with an order parameter of S ≈ 0.6
as measured by wide-angle X-ray scattering (WAXS),91 with a glass transition
temperature of Tg ≈ -4 °C, a broad TNI ≈ 100 °C, and an elastic modulus parallel
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Figure 3.3. (A) A patterned LCE viewed through cross-polarizers. The sample is
uniformly dark when the director is parallel to the polarizer and bright when the
director is at a 45° to the polarizer, indicating a planar nematic sample with a
unidirectional director field. (B) Wide-angle x-ray scattering of regions of the
sample without (top) and with (bottom) AuNPs shows good alignment of
mesogens in both cases. (C) Average intensity vs azimuth for regions of the same
film with and without AuNPs. The order parameter in both regions is S ≈ 0.6. (D)
Nanocomposites contain ≈ 1 wt% nanoparticles as evaluated by
thermogravimetric analysis (TGA). (E) DSC thermograms of an LCE with and
without AuNPs. Glass transition temperatures are within instrumental error
indicating that introduction of nanoparticles does not cause significant mechanical
changes. An upturn at ≈ 100 °C is indicative of TNI, consistent with reports for
similar systems where no nematic-isotropic endotherm is observed due to the
small magnitude (DHNI < 10 J g-1) and the breadth of the transition over a large
temperature range. (F) Stress versus strain curves show that the modulus remains
unchanged after introduction of nanoparticles.
to the director of E ≈ 9 MPa (Figure 3.3D-F). After gold reduction the
nanocomposite films contain ≈ 1 wt% AuNPs as measured by TGA (Figure 3.3C),
the introduction of which does not significantly affect the thermal or mechanical
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properties of the films, as evidenced by
differential scanning calorimetry (DSC) and
tensile tests (Figure 3.3D-E). Upon uniformly
heating above 40 °C, samples reversibly
contract along the director and expand in the
perpendicular

directions,

ultimately

contracting to 60% of their initial length along
the director when heated to 120 °C (Figure
3.4A). To probe the effect of photothermal
heat generation on deformation, films are
Figure 3.4. (A) Stretch vs
temperature with (red) and
without (black) photothermal
heating for the case of highest
absorbance. Because of the
high TNI of these materials
experiments are performed at
85 °C to maximize light-induced
deformation. (B) Absorbance
and stretch as functions of the
opacity of the photomasks.
Stretch
can
be
spatially
programmed over a range of
nearly 20%.

placed on a hot plate at a defined temperature
and exposed to 200 mW cm-2 of 530 nm light
The length at each temperature is recorded to
define a stretch ratio, 𝜆 = 𝑙WXYZ[ ⁄𝑙XYXGXZ[ where
linitial is defined as the length along the director
at room temperature. As shown in Figure
3.4A

for

the

case

of

maximum

light

absorbance, a photoinduced temperature

change of DT ≈ 20 °C (see later discussion, Figure 3.6E) is observed. We note
that in principle this temperature change could be substantially greater and is
limited by the intensity of the incident light source. Photodeformation is maximized
when samples are held at 80-90 °C due to the proximity to TNI; thus, all subsequent
experiments are conducted at an ambient temperature of 85°C. Because AuNP
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absorbance determines the magnitude of temperature change upon photothermal
heating, control of light dose during photoreduction can be used to systematically
program the resulting photodeformation. As shown in Figure 3.4B, the stretch 𝜆
due to photothermal heating can be programmed from 0.77 – 0.92 by controlling
the transparency of the photomask to UV light from 0% black (nearly transparent
to UV light) and 100% black (nearly opaque to UV light) during patterning. This
introduces the possibility to locally control photodeformation — and thus shape
transformation — through judicious design of photomasks.
To connect the patterned photothermal heat generation to shape
transformation, we develop FEM simulations and a geometric model. In the FEM
simulations, LCE sheets are modeled using the neo-classical free energy
density135,136 implemented into Abaqus as a user subroutine UMAT. A stretchtemperature relation, fit to the experimental measurement (Figure 3.4A), is
introduced into the free energy to describe the temperature-dependent anisotropy
of LCEs. Once a temperature field corresponding to a specific design of
photothermal patterning is prescribed, the equilibrium shape is solved by FEM in
Abaqus.
To model these shape changes geometrically, we turn to the principle of
Gaussian morphing,131,132 previously exploited for isotropic systems, and apply it
to the anisotropic case considered here. In this model, the in-plane deformation
due to photothermal heat generation defines a ‘target metric’ that describes how
the distance between points in the flat sheet should change upon deployment to
generate a shape of defined curvature. We consider the case of sheets with
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uniform orientation of the director along the u axis (Figure 3.5A), where the
magnitude of stretch λ is constant along u and varies as a function of v. Thus, the
metric tensor is given by
𝒈= ]

𝜆) (𝑣)

0
'

0

a

(3.2)
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Crucially, in this case, the local magnitude of stretch varies while the direction is
constant, similar to the case of isotropic gels5,109,122–125 and equibiaxially-strained
thermoplastics18,128 but distinct from the case of a director field with patterned
orientation but uniform magnitude of stretch.7,113 Using Gauss’s theorema
egregium, the Gaussian curvature can be calculated from the metric tensor by
𝐾= −
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Thus, by solving Equation 3.3 for a desired curvature profile K(v), a corresponding
stretch profile l(v) can be computed. Finally, using an experimentally-determined
calibration curve of stretch vs grayscale, a photomask can be generated to pattern
the necessary photothermal profile is patterned into the nematic sheets.
Using this patterning method, we first investigate the effect of discretely
patterned deformation profiles on the buckling of nematic sheets using a bi-strip
geometry, where one-half of a square sheet is patterned with a stripe of AuNPs
such that the photoactive region bisects the length of the sheet with the long axis
of the stripe parallel to the director (Figure 3.5A). For the case where the lateral
dimensions of the square film are much greater than the thickness (here,
width/thickness = 200), heat dissipation by convection limits thermal broadening
across the interface between the photoactive and non-photoactive regions. In
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addition, despite a throughthickness gradient in heat
generation

due

to

the

strong absorption of light
by the nanoparticles that is
necessary
appreciable
Figure 3.5. (A) Upon illumination with visible light,
local heating induces a contraction along the
director and buckling into a prescribed shape. (B,
C) Example of a sheet programmed with a bi-strip
geometry. Contraction along the director parallel to
the interface between photothermally-heated and
non-heated regions results in rolling about an axis
perpendicular to this interface.

to

generate

temperature

changes, the thin nature of
these films ensures that the
resulting

temperature

distribution

is

constant

through

nearly
the

thickness of the film. For the simple case of a discrete photothermally-heated
stripe, the equilibrium in-plane length is almost discontinuous across the stripe
interface as the photoactive region contracts along the director and the energetic
cost of this step-change in deformation is relieved by buckling out-of-plane. For
square films with side length l = 10 mm, the films preferentially roll about an axis
perpendicular to the photothermal interface to form a bottleneck shape upon
illumination as shown in Figure 3.5B-C, where the non-heated and heated regions
adopt different radii of curvature that are smoothly connected over the interfacial
region as predicted by FEM. We note that films tend to roll with the direction of
curvature away from the light. This suggests that while small asymmetries in
heating through the thickness inevitably exist due to the decay in light intensity,
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this is not the dominant factor in biasing the buckling direction of the film, since a
higher temperature at the surface of the film facing the incident light should prefer
curvature toward the light source. This shape transformation is analogous to the
case of isotropic hydrogel bi-strips with two discrete regions of cross-link
density.137 This shape transformation can be rationalized as follows: while a
discontinuous target metric encodes divergent positive and negative Gaussian
curvature on either side of the interface, the non-zero thickness of a real sheet,
and the corresponding bending energy cost to deform it, causes the curvature to
be smoothed out across the interface into regions of finite Gaussian curvature with
opposite signs. The resulting shape consists of two zero-K regions on either end
of the sheet, smoothly connected by a neck that contains regions of both positive
and negative Gaussian curvature, wherein stretching energy (i.e. deviations from
the discontinuous target metric) balances the overall bending energy of the sheet.
To investigate the effect of heat transfer on shape transformation in this
system, we simulate the temperature profile within a thin sheet using Matlab (see
Materials and Methods). We consider two limits: (i) free convection from both the
top and bottom surfaces of the disk and (ii) free convection from only the top
surface and insulation at the bottom surface. The experiments are expected to fall
between these limits, since convection from the bottom surface is likely to be less
efficient than from the top due to the presence of the underlying hot plate. The
results shown in Figure 3.6 reveal two key points. First, thermal diffusivity leads to
in-plane broadening (Figure 3.6B) by only a modest amount, with the lateral
variation in temperature restricted to a region of only ~ 1 mm across the edge of
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Figure 3.6. (A) Geometry of a photoactive disk in FEM simulations (top) and
its cross-section (bottom) for a cut made as indicated by the dashed line. The
bottom boundary is subjected to an insulating or a convective boundary
condition in separate trials. (B) Radial temperature distribution shows limited
thermal broadening (< 1 mm) for both boundary conditions. (C) Throughthickness temperature variation is minimal (< 0.2 °C) for both boundary
conditions. (D) Comparison of FEM and analytical solution shows excellent
agreement. (E) Thermal image of a film (outlined with a white dotted line)
containing a photothermal stripe (outlined in a black dashed line) shows heat
generation is localized to the nanoparticle-containing region of the film.
the heated feature. Second, for both cases, the temperature is nearly constant
through the thickness of the film (Figure 3.6C), despite the generation of heat only
in the top half of the film, due to the small thickness of the heated features in
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comparison to their lateral dimensions, and the rapid transport of heat by thermal
conduction across the film thickness.
To better understand the extent of lateral broadening, we turn to an
approximate 1D analytical solution. As the FEM model results confirm the
uniformity of temperature along the z-direction of the plate, we can further reduce
the heat transfer problem to 1D, where we balance the divergence in radial flux of
heat outward from the heated region against the heat lost by convection, i.e.
' j

jQ

𝑘𝑡 /i ji k𝑟 ji m@ = ℎ𝑇

(3.4)

with the following boundary conditions: (1) T =T0 at r = ap, and (2) 𝑇 → 0 at 𝑟 →
∞. Here, T represents the temperature increase above ambient. The appropriate
solution to this (Helmholtz) equation which satisfies the boundary conditions is
𝑇 = 𝑇D 𝐾D (𝑞𝑟)/𝐾D d𝑞𝑎t f

(3.5)

where K0 represents the modified Bessel function of the second kind, and q-1 =
(kt/h)1/2 describes the characteristic length-scale for spatial broadening of the
temperature profile. Using the parameters t = 0.05 mm, k = 0.2 W m-1 K-1, and h =
33 W m-2 K-1 as above, this length is q-1 = 0.55 mm, consistent with the limited
extent of lateral broadening found via FEM (Figure 3.6D). Both FEM and analytical
solutions are consistent with thermal measurements that shows that a maximum
temperature change of DT ≈ 20 °C that is limited to the nanocomposite region of
the film (Figure 3.6E).
Having established that limited thermal broadening in the bi-strip motif
drives buckling, we next investigate how the shape selection changes with
47

geometry in two scenarios (Figure
3.7A): 1) varying stripe widths x in a
sheet of fixed side-lengths l and w
and 2) fixed stripe width x in a sheet
of fixed side-length l and varying
side-length w. In the first case,
square films of w = l = 10 mm are
patterned with stripes that bisect the
sheet parallel to the director with
varying ratios of x/l (Figure 3.7A,
top). In the first case, illumination
drives buckling into a bottlenecklike shape as discussed above.
However, in the second case, as

Figure 3.7. (A) As the length of the bi-strip
film is increased, transition from a bottleneck (half wavelength wrinkle) to a ruffled
(full wavelength wrinkle) is observed. (B)
Bottleneck and ruffled morphologies are
two bistable forms of the same buckling
instability and can be perturbed between
each other by application of force.

the aspect ratio of the film increases
and the length of the side parallel to photothermal stripe increases beyond the
characteristic size of a wrinkle wavelength, the films deform in to wavy, ruffled
structures with the number of wrinkles at the interface increasing with the length of
the film (Figure 3.7A, left panel). These buckling instabilities are driven by the
same basic mechanism, and wrinkled films can be perturbed into a bottleneck-like
shape by snapping the wrinkles through by gently prodding with a pipette (Figure
3.7B). Interestingly, a similar bistability was previously observed in gels;138
however, these isotropic materials demonstrated a preference for rolling about an
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axis perpendicular to the interface between differently-swelled regions as the
aspect ratio of the sheet increases, whereas the materials studied here seem to
prefer ruffling as the sheet grows in aspect ratio. However, the interplay of
energetic and kinetic factors in determining shape selection and the role of
anisotropy remain under investigation. Nevertheless, these results suggest that
simple design motifs can be used to access rich shape change upon judicious
selection of director orientation and light absorption pattern.
To probe the utility of this method to program a wider variety of shapes, a
series of additional patterns of discrete photothermal inclusions are investigated.
For example, illumination of a square sheet with a centered rectangular inclusion
with the long axis oriented parallel to
the director results in a saddle-like
shape that is symmetric about the
axes parallel and perpendicular to
the director that bisect the center of
the film (Figure 3.8A). Placement of
a

photothermal

region

in

one

quadrant of the film drives bending
about an axis diagonally bisecting
the sheet, resulting in a wrinkled
hyperbolic surface (Figure 3.8B).
Finally, inclusion of a large square in

Figure 3.8. Buckling into different shapes
in response to (A) rectangular, (B, C)
square, and (D) triangular inclusions are
demonstrated experimentally and the
resulting shapes are predicted via FEM.

the center of the sheet drives rolling
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about an axis perpendicular to the director and wrinkling along the edges of the
sheet (Figure 3.8C). These deformations are similar to those observed in nematic
sheets with polydomain inclusions139 and isotropic gels with local photothermal
inclusions23 and again result from a
balance of stretching and bending
energies as the films attempt to
accommodate

the

discontinuous

target metric.
Remarkably, a simple change
in the direction of the film edges with
respect

to

the

director

and

photothermal inclusions leads to
more

complex

behavior.

When

nanoparticles are patterned in half of
the film with the interface between
the photoactive and non-photoactive
region extending diagonally between
opposing corners of a square film at
a 45° angle to the director, flood
illumination from directly above the
film drives wrinkling as observed for
the other striped case (Figure 3.8D).
However,

when

the

sheet

is

Figure 3.9. (A, B) A square film is patterned
with the photothermal region bisecting the
film at 45° with respect to the director with
incident light on the corner of the
photothermal region. (C) The film snaps
between a half wavelength to a full
wavelength wrinkle reversibly. Upon
relaxing to the initial state, the process
repeats. (D) Position of the edge of the film
with respect to the substrate vs time. The
film gradually evolves over a few seconds to
Mode 2 before snapping through to Mode 1
in ≈ 0.1 s. The film exhibits mechanical
bistability between the two modes and
autonomously oscillates between them for
the duration of illumination.
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illuminated from a 30° angle with
respect to the substrate along the
edge parallel to the director, the film
is observed to oscillate continuously
between two buckling modes (Figure
3.9A-C). Initially, the film adopts a
Figure 3.10. (A) The patterned film that
leads to oscillation. (B) A simplified
model of self-shadowing in FEM
simulations is realized by imposing a
maximum contraction (red) along the
edge closest to the light source and a
smaller contraction in regions that would
be blocked by the light (light blue). (C)
This model produces Mode 2 buckling,
suggesting that self-shadowing can shift
the preferred configuration, thereby
driving oscillatory snapping.

geometry such that the edge of the
film along the director curls about an
axis perpendicular to the director,
denoted as Mode 1. However, the
shape slowly evolves over a few
seconds to become a full wavelength
wrinkle (Mode 2) that quickly snaps

back to Mode 1 after several seconds as evidenced by the nearly discontinuous
change in film edge displacement when tracked from a 60 fps video (Figure 3.9D),
with a characteristic snapping time of ≈ 0.1 s. This cycle then repeats for the
duration of illumination. Inter-snap times range from 1.2 to 11.8 seconds, with an
average time of 3.8 seconds. While oscillation due to self-shadowing
effects15,34,60,93,140 and snapping between two bistable shapes141,142 has been
reported previously in nematic beams, cyclic oscillation via photoinduced snapping
has only been reported in one other case,143 to our knowledge. We hypothesize
that this phenomenon is driven by self-shadowing, where slight changes in the
incident light intensity due to deformation toggles the equilibrium between buckling
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modes. Though our FEM methods are unable to capture dynamic behavior at this
time, we find that if a strain profile is imposed that is consistent with a high light
intensity on the edge of the film and with less stretch in areas where the light would
be blocked during shape evolution (Figure 3.10), Mode 2 is predicted, suggesting
that self-shadowing is capable of driving a transition in buckled geometry, and
hence the oscillatory snapping behavior observed here. Films of other geometries
do not demonstrate oscillatory behavior when exposed to similar oblique
illumination conditions. While further study is warranted to fully understand the
underlying mechanics of this phenomenon, this behavior suggests that localized
deformation can be leveraged for non-equilibrium behavior and impulsive motion
upon judicious design of photoinduced buckling instabilities and illumination
conditions.
Next, we explore the utility of smoothly-varying spatial gradients in
absorption to introduce continuous in-plane stretch profiles into nematic sheets,
which provides opportunities to program shapes with arbitrary Gaussian
curvatures. As a proof-of-concept, we first investigate the ‘forward’ problem, i.e.
defining a stretch profile and evaluating the match between experiments, FEM
simulations, and geometric predictions for the resulting 3D shape. As a convenient
test case, we use stretch profiles of the following form to program square sheets:
' )|&' )

𝜆(𝜉 ) = 𝜆vXY + (𝜆vZw − 𝜆vXY )exp {− ) k

j

m },

(3.6)

`

where 𝜉 = ~ ∈ [0,1], 𝜆vXY and 𝜆vZw are the minimum and maximum experimentally
accessible stretches, respectively, and the dimensionless parameter d controls
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Figure 3.11. (A) Stretch profiles λ for different values of d for w = l (inset). (B)
Prescribed and FEM Gaussian curvature as a function of v at u/w = 0.5. (C) Shape
prediction of d = 0.2 by theory (left) and comparison of theory to FEM simulations
(right) for different values of d. (D) Shape prediction of d = 0.2 by FEM. (E)
Experimental result for d = 0.2 demonstrates buckling into a candy wrapper-like
shape due to regions of highly localized Gaussian curvature that closely matches
the predicted shape by theory and FEM.
the spatial extent of variations in 𝜆 (Figure 3.11A). Indeed, as predicted by
Equation 3.3, as 𝑑 is reduced, the resulting curvature increases in magnitude and
becomes concentrated in a smaller region. Using the corresponding metric tensor,
given by Equation 3.1, theory and FEM (Figure 3.11B-D) predict buckling into
candy wrapper-like shapes, with a ridge of positive Gaussian curvature in the
middle of the sheet that smoothly progresses along v to valley regions of negative
Gaussian curvature that evolve to zero Gaussian curvature at the edges. To
investigate these shape transformations experimentally, samples are patterned
using photomasks generated in Matlab from a calibration curve of stretch versus
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percent

black

(Figure

3.12).

Experimental results (Figure 3.11E,
Figure 3.13) match the predicted
deformations, with greater curvature
and a tighter characteristic radius of
curvature of the ridge as d decreases.
We find that the Gaussian curvatures
observed by FEM (Figure 11B) are in
very good agreement with the ones

Figure 3.12. (A) Workflow of
photomask generation. Photomasks
used to pattern Gaussian profiles with
(B) d = 0.2, (C) d = 0.3, and (D) d = 0.4.

predicted

by

Equation

3.3,

and

furthermore that the realized 3D shapes

correspond closely to those from geometric predictions (see Figure 3.11C). This
striking agreement demonstrates the robustness of the shape morphing concept
developed here and suggests its potential for generalization to other chemistries
and materials.
To truly program shape transformation, the inverse problem – i.e.,
computing the stretch profile l(v) that leads to a desired 3D shape upon actuation
– needs to be solved. While the corresponding differential geometry has been
developed for isotropic gels with differential swelling5,8,108 and nematic sheets with
varying director orientation,7,10 we are not aware of previous solutions for the
anisotropic case of varying stretch magnitude with a homogenous director
orientation. As a first step, we focus here on shapes with constant negative and
positive Gaussian curvature, with the appropriate stretch functions obtained by
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Figure 3.13. Shape predicted by theory and FEM and corresponding
experiments for Gaussian stretch profiles with (A) d = 0.3 and (B) d = 0.4.
numerically solving Equation 3.3 within the constraint of the stretches achievable
in our system and constructing a polynomial fit to the solution. The target negative
and positive curvature, calculated stretch profiles, and simulated curvature
generated by FEM are shown in Figure 3.14A,D. The calculated stretch profiles
prescribe high deformation in the center of the sheet and low deformation at the
edges parallel to the director field in the case of constant negative Gaussian
curvature and the opposite – low deformation in the middle and high deformation
at the edges – for the case of constant positive Gaussian curvature. The simulated
curvatures from FEM match the target constant curvatures quite well in the center
portions of the films but deviate at the edges, presumably reflecting an elastic
‘boundary layer’144 that lowers the bending energy for a non-zero thickness sheet.
The corresponding samples are prepared using photomasks generated from the
calculated stretch profiles and experiments show buckling of LCE sheets into a
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Figure 3.14. (A) Prescribed and predicted Gaussian curvature, (B) FEM
simulation (top) and theory (bottom) and (C) experiment for negative Gaussian
curvature. (D) Prescribed and predicted Gaussian curvature, (E) FEM simulation
and (F) experiment for positive Gaussian curvature. White and black lines are
drawn as guides to the eyes, with black and white denoting positive and negative
curvature, respectively.
saddle-like shape and a shallow spherical cap-like shape for negative and positive
Gaussian curvature, respectively, matching the predictions of the accompanying
FEM simulations and geometric models (Figure 3.14B-C, E-F). Interestingly, FEM
predicts that a non-axisymmetric saddle shape should be lower energy than the
observed axisymmetric shape in the case of constant negative Gaussian
curvature; however, the non-axisymmetric shape is not observed experimentally,
possibly due to imperfections in sample fabrication or kinetic selection of the
axisymmetric shape. We note that the observed shapes are analogous to those
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experimentally realized in LCEs with patterned axisymmetric director fields about
a +1 defect.116

3.4

Conclusion

In summary, we have demonstrated a method combining experiments, FEM
simulations, and geometric predictions to program photoactive shape morphing
from monodomain LCE sheets with a unidirectional director by spatially controlling
photothermal heat generation. Discontinuous metrics introduced via localized
photothermal inclusions are shown to drive buckling into both static shapes and
autonomously oscillating forms. Furthermore, we developed a new theory based
on Gaussian morphing to encode smoothly-varying stretch profiles to rationally
approach the design of targeted shapes. We anticipate that this fabrication method
is generalizable to a variety of chemistries that are incompatible with methods to
spatially pattern in-plane director fields, opening up new opportunities for shape
morphing in a variety of liquid crystalline polymer materials.
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CHAPTER 4
REVERSIBLE ACTUATION VIA PHOTOISOMERIZATION-INDUCED MELTING
OF SEMI-CRYSTALLINE POLY(AZOBENZENE)S^

Work in Chapters 2-3 demonstrates the utility of plasmonic nanoparticles to power
complex photomechanical responses. However, there are many situations where
photothermal activation of mechanical processes cannot be employed, such as in
aqueous systems where the high thermal conductivity of water efficiently
dissipates heat or biological systems where substantial increases in temperature
cannot be tolerated. Additionally, scattering and other optical effects can severely
limit the efficiency of light to heat conversion, while total heat generation and
thermal broadening are dependent on the length scale of the system, thus limiting
their utility.110,145 Alternatively, photochemical systems allow for highly specific
device addressability and response that can be tailored by the chemical details of
the incorporated photoswitch. In such systems, molecular-level details determine
the photophysical properties, allowing for a whole host of spectroscopic and kinetic
characteristics that are dictated by chemical modifications. However, while
significant work on the organic chemistry of photochromes allows for the design of
a nearly limitless library of photoactive molecules,146–150 it remains a challenge to
harness the mechanical effects of photoswitching to power shape change in solid
matrices.151–153 In the following chapters, we demonstrate two new ways to employ

Parts of this chapter are reproduced from ACS Macro Letters, DOI:
10.1021/acsmacrolett.0c00328
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a common chromophore, azobenzene, to fabricate photoactuators with novel
properties.

4.1

Introduction

In the development of photochemically-addressable photoactuators, azobenzenebased systems are among the most widely used, as their molecular-scale
conformational changes via cis-trans photoisomerization can be robustly
harnessed in solid materials to generate mechanical stress. Efforts to drive
deformation and generate work using these systems have largely focused on the
incorporation of azobenzene within amorphous polymer matrices51,154,155 and
liquid-crystalline networks (LCNs),111,156,157 with the latter being particularly widely
used due to the enhanced mechanical response afforded by the coupling of
conformational changes of azobenzene to the orientational ordering of the LC
mesogens. Further, the photoresponse can be amplified through judicious
selection of the director profile, i.e., through-thickness158 and in-plane66,159
variations in molecular orientation. However, while LCNs present a facile method
for fabricating actuators in arbitrary geometries containing a variety of azo-based
photoswitches,15,64,67 the low density of photochromes incorporated within the
material and modest enthalpy change afforded by a liquid crystalline to isotropic
transition (DHNI ~ 1-10 J g-1), tend to limit their potential work output. Alternatively,
crystallization of small molecule azobenzene derivatives can form solid-state
photomechanical crystals wherein increased elastic moduli and cooperative
isomerization offer the potential to dramatically enhance the photomechanical
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response.160–163 However, poor processability of these molecular crystals limits the
size and geometry of obtainable materials. Furthermore, these devices often
fracture under illumination due to the large internal stresses generated during
photoisomerization.13
To advance photoactuator performance, novel material systems are
needed that combine the processability of polymers with the high density of
ordered chromophores found in crystalline systems. One possible platform is semicrystalline polymers, where high densities of polymerized chromophores can
assemble into crystalline lamellae, the isomerization of which would modulate the
crystalline unit cell and generate a photoinduced stress. However, while reversible
melting of semi-crystalline shape memory polymers demonstrates the potential of
such systems to form actuators with high work outputs driven by the large enthalpy
change of melting (DHm ~ 10 - 100 J g-1),107,164,165 light-driven analogs that do not
rely on photothermal effects28,29,166–168 have yet to be realized. In this Chapter, we
demonstrate that photoisomerization of azobenzene incorporated in the backbone
of semi-crystalline polymers can be harnessed to drive reversible actuation.
Though there exist a few reports of light-induced crystallization in supramolecular
systems169 and melting in crystalline small-molecules170–175 and polymers176–178
due to photoisomerization of azobenzene, we show that this phenomenon can be
harnessed for optical shape-memory materials capable of undergoing reversible
deformation under several cycles of ultraviolet (UV) and visible light.
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4.2
4.2.1

Materials and Methods
Instrumentation

1

H NMR spectra were recorded on a Bruker Ascend 500. GPC spectra were

recorded in CHCl3 using a Waters Alliance HPLC System UV-vis spectrometer with
an Agilent column. UV-vis spectra were recorded on an Ocean Optics Flame fiber
optic spectrometer. DSC measurements were performed on a TA instruments DSC
Q200. X-ray experiments were performed using a GANESHA 300 XL (SAXSLAB).
Mechanical tests were performed using a TA instruments Q800 Dynamic
Mechanical Analyzer. POM images were obtained from a Zeiss AxioTech Vario
upright microscope and samples were held isothermal using an Instec HCS621V
heat stage equipped with liquid nitrogen cooling. LED light sources were
purchased from either Thorlabs or LEDsupply.com. Videos and still images of
actuation experiments were recorded using a Nikon 5500 equipped with a macro
lens. Radii of curvature upon actuation were measured using Tracker software
(OpenSource physics) and all raw data was analyzed and plotted using Matlab
R2018b.

4.2.2

Synthesis

Polymers were synthesized using a slight excess of a diacrylate azobenzene to
dithiol. In a sample procedure, 4,4'-Bis(6-acryloyloxyhexyloxy)azobenzene (A6A,
0.55 mmol) and 1,6-hexanedithiol (0.53 mmol) were combined in a 1.025:1 molar
ratio in 2 mL of chloroform to form p(A6-6). An equimolar amount of triethylamine
(0.53 mmol) with respect to thiol functional groups was added and the solution
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stirred at room temperature in the dark for 24 h. The crude reaction mixture was
subsequently precipitated into an excess of methanol 3x and removal of reactants
was confirmed by TLC. The resulting fluffy yellow polymer was collected via
centrifugation and dried overnight before use and characterized by 1H NMR and
CHCl3 GPC (MN = 20.1 kDa). 1H NMR (500 MHz, Chloroform-d), δ, ppm: 7.85 (d,
4H), 6.98 (d, 4H), 4.07 (dt, 8H), 2.81-2.48 (m, 12H), 1.88-1.34 (m, 24H).

4.2.3

Solution-State Switching Properties

Polymer solutions were prepared in CHCl3 or CDCl3, thermally equilibrated in the
dark for 24 h, and filtered before use. Spectra were recorded in 1 cm path length
quartz cuvettes using solutions of 50 µg mL-1 polymer prepared by diluting the 5
mg mL-1 solutions used for NMR. To investigate photoswitching properties,
samples were stirred and illuminated with 365 nm light, with spectra recorded in 1min intervals until the recorded spectra stopped changing, indicating that the
photostationary state was reached. NMR spectra were recorded after sufficient
illumination to reach the photostationary state.
Pure spectra of the azobenzene monomer were calculated by determining
the extinction coefficient of thermally-equilibrated trans isomer and back
calculating the cis extinction coefficient through a calibration curve of UV-vis
spectra and NMR data at different extents of switching following the procedure of
Heger and co-workers.179 To calculate the absorption coefficient of the trans
isomer, solutions of different concentrations where prepared and the UV-vis
spectra were measured. The extinction coefficient was calculated by performing a
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linear regression for each wavelength of A vs C*l where A is the absorbance, where
C is the molar concentration and l is the path length in accordance with Beer’s law.
To determine the molar extinction coefficient of the cis isomer, the absorbance of
a mixture of cis and trans isomers at any time t for a given wavelength l is given
by
‚(_)
[

= 𝑐GiZY„ 𝜀GiZY„ (𝜆) + 𝑐†X„ 𝜀†X„ (𝜆)

(4.1)

The total concentration is known the fraction of cis and trans isomers is determined
for each measurement using 1H NMR. Thus, at each wavelength, 𝜀†X„ (𝜆) is
determined by performing a linear regression in Matlab by plotting

‚(_)
[

−

𝑐GiZY„ 𝜀GiZY„ (𝜆) vs 𝑐†X„ (𝜆) to find 𝜀†X„ (𝜆).

4.2.4

Penetration Depth

The penetration depth 𝛿t is defined as:
𝛿t = (𝑐 ∗ 𝜀)&' ,

(4.2)

where c = chromophore concentration [M] and 𝜀 = molar absorption coefficient [M1

cm-1]. Based on the molar absorptivity at 385 nm of 1.9 *104 M-1 cm-1 of the trans

polymer, a density of 1.1 g cm-3, and Mn = 20.1 kDa, we can estimate 𝛿t = 6.2 µm.
However, as the azobenzene transition dipole is aligned preferentially along the
fiber axis, the value in the solid state is presumably somewhat smaller.
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4.2.5

DSC Experiments

To investigate the effect of isomer population on bulk thermal properties, ≈ 3 mg
of polymer was sealed in an aluminum hermetic pan and subject to two cycles of
the following protocol: cooling at 10 °C min-1 to -70 °C followed by heating at 10 °C
min-1 to 150 °C. All thermal transitions were recorded from the second cool/heat
cycle, with the exception of cis-p(A6-6) where the first cycle was used. Following
the experiment, the aluminum pan was opened with a razor blade and the polymer
sample dissolved in ≈ 0.5 mL of CDCl3. Then, the sample was irradiated under 365
nm light while stirring until the photostationary state was reached, as confirmed by
1

H NMR. The solution volume was reduced to ≈ 50 µL, transferred to a pre-weighed

aluminum pan, and the rest of the solvent was removed under high vacuum.
Finally, the pan was sealed and subject to the same DSC protocol as before.
Isothermal crystallization experiments were performed by heating cis-p(A66) samples quickly to a set temperature in DSC and holding them isothermal
overnight. The total crystallization enthalpy by integrating heat flow as a function
of time and the fraction of crystallinity at any point of time was calculated by dividing
the enthalpy at that point by the total enthalpy of crystallization.

4.2.6

X-Ray Scattering from Bulk Samples

X-ray scattering samples were prepared by solvent casting bulk films out of
chloroform and suspending the films on small metal washers. Trans-p(A6-6) films
were annealed at 80 °C for several minutes prior to X-ray measurements. Cis-

64

p(A6-6) samples were prepared by first isomerizing the polymer in solution and
were used as-cast. All measurements were recorded for 300 s.

4.2.7

Characterization of Solid-State Thin Films

UV-vis samples were prepared by spin casting samples from 15 mg mL-1 for 60 s
at 1000 RPM on to clean glass coverslips. Spectra were recorded using the same
protocol as for solution-state samples. Samples for microscopy and GIWAXS were
prepared by drop-casting 40 µL of 10 mg mL-1 solution on to 1 cm2 clean silicon
wafers. GIWAXS measurements were performed assuming a critical angle of 0.18°
and measurements were conducted for 300 s.

4.2.8

Fiber Fabrication

To fabricate fibers, 10 mg of polymer was mixed in ≈ 1 mL CHCl3 with 2.5 wt%
(phenylbis(2,4,6-trimethylbenzoyl)phosphine oxide). The polymer solution was
drop-cast on Teflon and solvent was removed under vacuum. Following drying, the
polymer was heated to 110 °C and needle nose tweezers were used to pull fibers
from the melt. Fibers were subsequently annealed at 80 °C for several minutes.
Following annealing, the fibers were exposed to 405 nm light for 1 h at 80 °C and
fibers were rotated every few minutes to ensure homogeneous light exposure.

4.2.9

Actuation Experiments

Fibers were cut into ≈ 2 cm lengths for use as actuators. Samples were attached
to an aluminum block on top of a hot plate to ensure uniform temperature. Bending
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upon light exposure was monitored using a digital camera. Radii of curvature were
measured using Tracker Software (OpenSource Physics) and all raw data were
processed in Matlab R2018b.

4.2.10 Calculation of Work Output
To calculate the estimate the work output, we model the fiber as an Euler-Bernoulli
beam. For a beam that is initially straight and deforms into a circular profile upon
azobenzene isomerization, the strain energy per unit length in the absence of a
load is given by:
• Š‹Œ

𝑈 = ∫D

)

' )

kŽm 𝑑𝑥 ,

(4.3)

where Ē = the plane strain modulus (calculated from the elastic modulus E and
Poisson’s ratio n by

Š
('&•)‘

), I = moment of inertia, and 1/R = radius of curvature.

We take n = 0.5 and use the elastic modulus of the unirradiated semi-crystalline
polymer to estimate the work output, as the majority of the fiber remains unaffected
by illumination, though we note that the expected reduction in modulus upon
melting of material close to the illuminated surface will likely reduce the actual
value slightly. The moment of inertia for a rod is given by 𝐼 =

Bj’
R“

where d = the

diameter of the cross-section. Integrating over the entire length l of the cylinder
gives:
𝑈=

BŠ‹ j’ [
')”

66

' )

kŽ m .

(4.4)

The specific work w is given by the energy per unit volume V, where the volume
𝑉=

Bj‘ [
“

, i.e.
'

𝑤 = () 𝐸‹ 𝜀 ) ,

(4.5)

j

where 𝜀 = Ž is the effective difference in strain between the inner and outer
surfaces of the fiber within the bent region. We note that the completely melted
layer at the near surface seeks to contract by substantially more than this amount
(≈ 30% based on the reduction in fiber length obtained upon uniform melting by
heating to 115 ºC), but is constrained by the non-melted portion that makes up the
majority of the fiber. Thus, increasing the penetration depth relative to the fiber
diameter is expected to yield substantially larger values of photostrain.
We assume a fixed weight of optimal resistance and a linear response to the
applied load. For this specific case, 50% of the work is extracted from the actuator
to give
'

𝑊 = R“ 𝐸‹ 𝜀 ) .
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Figure 4.1. Preparation of semicrystalline poly(azobenzene)s

couple azobenzene isomerization with
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macromolecular conformation. To this end,
we employ a thiol-Michael addition of an
azobenzene diacrylate (A6A) with alkane
dithiol chain extenders as shown in Figure
4.1.

While

step-growth

polymerizations
employed

have

thiol-ene
been

type

previously

in synthesis of main-chain

azopolymers66,182

and

semi-crystalline

polymers,183–185 to the best of our knowledge
these approaches have not been combined
to produce semi-crystalline azobenzenecontaining polymers. Briefly, a diacrylate and
dithiol (Figure 4.1) are combined in a 1.025:1
molar ratio and stirred for 24 h at room
temperature in solution with one mole
equivalent of triethylamine to yield p(A6-x),

Figure 4.2. (A) 1H NMR of p(A6-6).
Inset shows acrylate end groups
preserved for crosslinking. (B) Sizeexclusion chromatography shows of
p(A6-6) shows a monomodal
distribution of 20.1 kDa.

where x indicates the number of methylene units in the chain extender. The
stoichiometry is chosen such that resulting polymers retain acrylate end-groups
that are amenable to subsequent cross-linking (Figure 4.2A). Following
polymerization and purification by precipitation in methanol, polymers with Mn =
20.1 kDa and Đ = 1.65 (Figure 4.2B) are obtained.
Following thermal equilibration in the dark for 24 h, 1H nuclear magnetic
resonance (NMR) spectroscopy (Figure 4.3A) of p(A6-6) in CDCl3 shows that
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Figure 4.3. (A) 1H NMR of p(A6-6) in solution after thermal equilibration in the dark
(top) and exposure to 365 nm light (bottom) indicates efficient switching from ≈
100% trans to ≈ 97% cis. (B) UV-vis of p(A6-6) in CHCl3 in 100% trans and a
photostationary state of 97% cis.
azobenzene units in p(A6-6), studied here in detail as a representative polymer,
are nearly all in the trans form (> 99%). However, upon illumination with 365 nm
light, the initially yellow solution turns bright orange as the trans population
photoisomerizes to a photostationary state (PSS) composed of 97% cis isomers,
as indicated by the shift of the protons on the aromatic ring from 7.8 and 6.9 ppm
(trans isomer) to 6.8 and 6.7 ppm (cis isomer) (Figure 4.3A). Ultraviolet-visible
absorption (UV-vis) spectra further confirm photoswitching with a dramatic
decrease of the trans p,p* peak centered at 360 nm with a concomitant increase of
the cis n,p* peak centered at 530 nm (Figure 4.3B). Though the slight overlap of
the characteristic trans and cis absorption peaks (Figure 4.4) precludes
quantitative switching, the significant change in isomer population has striking
effects on the polymer properties when dried. Before switching, trans-p(A6-6) is a
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Figure 4.4. Pure spectra of the azo
monomer in the trans and cis isomer.
Overlap between absorption of the
trans (red) and cis (black) isomers limits
the PSS.

Figure 4.5. Solvent-cast trans-p(A6-6)
is a hard yellow solid but becomes a
gooey
orange
melt
after
photoisomerization to cis-p(A6-6).

yellow solid (Figure 4.5); following isomerization in solution for several minutes
and solvent removal, cis-p(A6-6) is an orange, gooey melt.
To investigate the physical reasons for such dramatic changes in material
properties, the thermal properties of trans and cis-p(A6-6) are investigated using
differential scanning calorimetry (DSC). Solid-state trans-p(A6-6) films are initially
semi-crystalline, with a melting endotherm upon heating at Tm = 106 °C with DHm
= 67.0 J g-1 and a crystallization exotherm at Tc = 89 °C and DHc = 60.4 J g-1 during
subsequent cooling (Figure 4.6A, grey curve). We note that other p(A6-x)
polymers prepared with different length chain extenders are also semi-crystalline,
and that the thermal characteristics vary slightly with the number of methylene
units in the polymer repeat unit (Figure 4.7; Table 1), with melting temperatures
and enthalpies ranging from Tm = 96 – 109 °C and DHm = 40 – 70 J g-1, respectively.
Assuming a value for a purely crystalline sample of ΔHm = 150 – 300 J g-1,186 we
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Figure 4.6. (A) DSC of trans p(A6-6) (blue trace) shows a sharp melting
endotherm centered at 100°C and crystallization endotherm centered at 85°C
upon heating and cooling, respectively. When switched to the predominantly
cis form, the first heating curve (orange trace) show a crystallization exotherm
followed due to thermal relaxation back to trans at elevated temperature
followed by a melting exotherm. Upon the subsequent heating and cooling
cycle (blue trace) the initial thermogram is recovered. (B) The glass transition
switches from near room temperature in the trans semi-crystalline form to ≈ 35°C upon switching to the cis form.
estimate that these polymers are
20 – 40 % crystalline in the trans
form. However, when the same
p(A6-6)

sample

is

photoisomerized in solution, dried
and subjected to an identical
thermal

treatment,

heating

produces an exotherm (69.2 J g-1)
Figure 4.7. DSC traces for full series of p(A6x) polymers

followed closely by a melting

endotherm (64.0 J g-1) at Tm of trans-p(A6-6) (Figure 4.6A, orange curve), both
comparable in magnitude to that of the trans polymer. We attribute the exotherm
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Table 4.1. Properties of p(A6-x) polymers
Polymer

TMa (°C)

ΔHma (J g-1)

Tcca (°C)

ΔHcca (J g-1)

qb (nm-1)

db (nm)

p(A6-2)

108.5

55.3

97.3

12.0

1.68

3.7

p(A6-4)

106.5

67.4

91.5

64.9

1.61

3.9

p(A6-6)

100.7

59.4

90.0

55.9

1.53

4.1

p(A6-8)

96.6
101.9

12.6
43.2

82.7

71.8

1.46

4.3

p(A6-10)

97.5
104.2

38.9
50.2

82.8

65.1

1.32

4.7

a

Determined by DSC. bDetermined by WAXS

to in situ crystallization of the polymer as it thermally isomerizes from cis-p(A6-6)
to trans-p(A6-6). On subsequent cooling and heating cycles, the initial thermogram
of trans-p(A6-6) is recovered (Figure 4.6A, blue curve), confirming that cis-p(A66) has thermal isomerization of cis-p(A6). Furthermore, the glass transition
temperature Tg is observed to change from ≈ 34°C in trans-p(A6-6) to ≈ -33°C in
cis-p(A6-6) (Figure 4.6B), similar to previous observations for side-chain
azobenzene polymers.175,187–190 Additionally, the Tg broadens significantly upon
crystallization, likely due to restricted molecular relaxation near the crystalline
regions.191,192 These thermograms suggest that cis-p(A6-6) is amorphous and
crystallizes upon thermal relaxation to the trans-p(A6-6) form, providing evidence
that crystallinity is modulated via trans-cis photoisomerization, a similar
phenomenon to how changes in main-chain stereochemistry modulate crystallinity
in some thermoplastics,193–195 though rarely controlled using light. 196 These effects
are further corroborated by wide- angle (WAXS) and medium-angle X-ray
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Figure 4.8. The trans form of p(A6-6) shows crystalline ordering in (A) WAXS and
(B) MAXS that is lost upon isomerization.
scattering (MAXS) (Figure 4.8A,B).
Prior to photoisomerization, transp(A6-6) shows scattering peaks at q
= 17.4 nm-1, 12.9 nm-1, and 1.6 nm-1;
the highest-q peaks are presumably
associated with inter-chain spacings
between neighboring polymer chains
while

that

at

q

=

1.6

nm-1

(corresponding to a d-spacing of 3.9
nm) matches the length of the
Figure 4.9. (A) WAXS for full series of
p(A6-x) polymers. (B) Schematic of dspacing corresponding to the backbone
repeat unit, marked with black triangles in
the scattering data.

polymer repeat unit (Figure 4.9A)
and thus likely reflects the periodicity
along the chain axis. This trend holds

for all polymers, with the d-spacing increasing with the addition of methylene
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Figure 4.10. (A) Polymers show temperature-dependent switching in the solid
state. While a large fraction of trans p(A6-6) (black curves) switches to cis at 22
°C (blue curve) upon exposure to 365 nm light, light exposure at elevated
temperature drives further switching (red curve) (B) GIWAXS shows negligible
melting upon switching at 22 °C (blue curve). However, with the increase in
switching at 40 °C, melting is observed (red curve). At 65 °C, recrystallization is
observed upon visible light exposure (grey curve). (C) Drop cast films annealed
at 80 °C show a spherulitic morphology in POM (left). Upon exposure to UV light
at 40 °C, loss of birefringence indicates melting (middle). Subsequent exposure
to visible light at 65 °C drive cis-trans isomerization and re-crystallization (right).
groups to the polymer repeat unit (Figure 4.9B, Table 4.1). We attribute an
additional scattering peak at q = 0.49 nm-1 (d = 13 nm) to the characteristic spacing
between crystalline lamellae (Figure 4.8B). Upon isomerization, the low q peaks
disappear while the high q peaks coalesce into one broad peak, indicating a phase
change from crystalline to amorphous.
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We

next

photoswitching

investigate

the

properties

on

molecular ordering in solid-state thin
films prepared by spin-coating a dilute
polymer

solution

onto

a

quartz

substrate. UV-vis spectra confirm that
upon exposure to 365 nm light at
22 °C, trans-p(A6-6) (Figure 4.10A,
black curve) switches to cis-p(A6)

Figure 4.11. Photoswitching of p(A6-6) is
observed to be reversible and robust
over several cycles

(Figure 4.10A, blue curve) with a PSS of ≈ 89% cis isomer. Furthermore, transp(A6-6) is recovered upon exposure to 530 nm light. This process is fatigueresistant over several cycles (Figure 4.11), confirming that photoswitching is
preserved in the solid state, albeit with a PSS under UV illumination that contains
a substantially higher residual trans content (11%) than in solution (3%). However,
when samples are exposed to UV light at 40 °C, we observe an increased degree
of switching to a new PSS of ≈ 96% cis isomer (Figure 4.10A, red curve), similar
to the solution value. To investigate how solid-state isomerization influences
crystalline ordering, we employ grazing incidence wide-angle grazing-incidence
wide-angle scattering (GI-WAXS; Figure 4.10B) and polarized optical microscopy
(POM; Figure 4.10C) on thin films. While trans-p(A6-6) samples show crystalline
ordering as evidenced by peaks at q = 17.4 nm-1 and 12.9 nm-1, negligible change
is seen in the scattering profile upon exposure to 365 nm light at 22 °C (Figure
4.10B, blue curve) despite the substantial degree of trans-cis isomerization shown
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Figure 4.12. (A) IR image of a p(A6-6) film (outlined in white) under 50 mW cm2
illumination shows a temperature change of < 5 °C. (B) Semi-crystalline
sample as viewed through cross-polarizers prior to illumination. (C) When
exposed to 365 nm light, no change is observed. (D) Subsequent exposure at
40 °C induces melting.
by UV-vis (Figure 4.10A, blue curve). However, increased photoswitching upon
UV exposure at 40 °C, results in the coalescence of scattering peaks into one
broad peak, indicating a loss of crystalline ordering. While the peak at q = 1.6 nm1

observed in bulk samples is obscured in these scattering patterns due to the large

low-q background, a broad peak in this region is observed in trans-p(A6-6) and
disappears upon switching to cis-p(A6-6), consistent with photoisomerizationinduced melting.
Further insight into the interplay between isomer population and crystallinity
is provided by POM. Prior to illumination, trans-p(A6-6) displays banded
spherulites,197 a classic optical signature of semi-crystalline polymers (Figure
4.10C, top). After 365 nm light exposure at T = 40 °C, the spherulites disappear
(Figure 4.10C, middle), indicating light-induced melting. Notably, this change is
attributed to photoisomerization and not photothermal heating, as evidenced by IR
images which show a temperature change upon illumination of < 5 °C, and thus
the sample temperature remains well below Tm (Figure 4.12A). However, no
76

Figure 4.14. Cis-trans thermal relaxation
(black stars) follow Arrhenius kinetics
(red dotted line) for all temperatures
measured using UV-vis spectroscopy.
Isothermal crystallization measurements
(blue circles) show that crystallization
kinetics follow those of cis-trans
isomerization at high temperatures but
drop significantly faster as Tg of the trans
polymer (yellow star) is approached.
Figure
4.13.
(A)
Isothermal
crystallization measurements in DSC.
The time for crystallization increases
rapidly as a function of temperature.
(B) Thermally-induced crystallization
in cis-p(A6-6) films. No crystallization
is observed below Tg and spherulite
size
increases
as
ambient
temperature approaches Tm.

morphological change is observed upon
UV light exposure at 22 °C (Figure
4.12B-D), consistent with the result from
GIWAXS

showing

no

change

in

crystalline ordering despite photoswitching at ambient temperature. Collectively,
these data suggest that at room temperature, molecular mobility within the
crystalline domains is sufficiently restricted such that isomerization is suppressed
and crystalline lamellae are preserved, while the looser packing of polymers in the
amorphous regions enables these regions to photoisomerizes to a PSS similar to
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the solution-state value. However, as the temperature is increased, there is
sufficient mobility for the azobenzene units within the crystalline domains to
isomerize,198 as evidenced by an increase in the PSS obtained for the solid films,
and correspondingly for the lamellae to melt as observed using GIWAXS and
POM. While birefringence does not re-appear upon exposure to 530 nm light at 40
°C, indicating a lack of crystallization despite robust photoswitching (Figure 4.11),
spherulites re-form under visible light exposure at higher temperatures (Figure
4.12C, far right).
To study the effect of temperature on re-crystallization, we monitor cis-trans
thermal relaxation rates in thin films via UV-vis and re-crystallization in bulk cisp(A6-6) samples via isothermal DSC experiments (Figure 4.13). While thermal
relaxation is consistent with Arrhenius kinetics across the range of temperatures
studied (Figure 4.14, red dotted line),199 crystallization kinetics (Figure 4.14, black
circles) are Arrhenius at high temperatures but decrease significantly faster as Tg
of trans-p(A6-6) is approached (Figure 4.14, yellow star). This suggests that
polymer viscosity becomes increasingly important as temperature is decreased.
We hypothesize that re-crystallization is suppressed under visible light illumination
at low temperature because cis-trans isomerization increases Tg, thus kinetically
trapping the amorphous phase as the polymer vitrifies. We note that although the
rate of thermal cis-trans isomerization and recrystallization accelerates as
temperature is increased, the light exposure time (≈ 1 min) needed to induce recrystallization is much less than that needed for thermally induced re-crystallization
below 80 °C. Thus photoswitching, and not thermal relaxation, is predominantly
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Figure 4.15. (A) Fibers are formed by drawing from the melt and photocrosslinking acrylate end-groups (top), leading to a high degree of orientation as
revealed by polarized optical microscopy (bottom). (B) Two-dimensional wideangle X-ray scattering pattern and (C) corresponding plot of intensity vs azimuthal
angle in the low-q and high-q regimes indicates chain alignment along the drawing
axis (denoted by a white arrow).

responsible for crystallization under illumination at sufficient temperatures. At even
higher temperatures, we expect that the rate of thermal cis-trans relaxation will
exceed the inherent rates of crystal nucleation and growth, though the relative
rates of these two phenomena can likely be tuned through modulation of the
thermal isomerization kinetics of azobenzene via ortho- or para-substitutions.200
Photoactuators are fabricated by drawing polymer fibers from melts
containing 2.5 wt% photoinitiator (Figure 4.15A). Crosslinking of acrylate endgroups using 405 nm light at 80°C topologically fixes the crystal alignment and bias
melting and re-crystallization along the drawing direction.201,202 Because the trans
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Figure 4.16. (A) DSC, (B) WAXS, and (C) MAXS of actuators show that
crystallinity is both preserved and highly anisotropic following fiber drawing and
crosslinking.

Figure 4.17. (A) Temperature sweep of fiber shows a broad Tg of ≈ 35 °C. Sample
breaks above Tm due to significant softening. (B) Tensile test of fiber shows a
modulus of 120 MPa, and a strain at break of 0.04 (marked with a red x).
isomer absorbs weakly at 405 nm and thermal relaxation is promoted at elevated
temperature, photoswitching is limited and crystalline ordering is preserved during
crosslinking (Figure 4.16). The resulting fibers are insoluble in organic solvents
with a broad Tg ≈ 35 °C, a Young’s modulus of E = 120 MPa (Figure 4.17), and
are highly aligned as evidenced by POM, where fibers are observed to be dark
and bright when viewed at 0° and 45° with respect to the analyzer, respectively
(Figure 4.15A, bottom). Additionally, transmission measurements in WAXS reveal
80

Figure. 4.18. Cross-linked thin films prepared by blade coating show a change in
birefringence and a slight reversible contraction (≈ 4% strain) upon sequential
illumination with UV and visible light at elevated temperature. However, difficulty
fabricating well-aligned films of constant thickness in addition to their tendency to
stick to solid substrates made actuation studies difficult
a high degree of alignment of the lamellar normals along the drawing direction, as
evidenced from the integrated intensity as a function of azimuthal angle with a
FWHM in the low- and high-q regimes of 21° and 17°, respectively (Figure
4.15B,C). While processing conditions and crosslinking are anticipated to affect
the degree of crystallinity and crystallite size,203 these data reveal that crosslinked
devices retain the crystalline characteristics of the linear polymers. Further, POM
data on crosslinked films (Figure 18) confirms that light-induced melting and
recrystallization still occur following crosslinking. Interestingly, aligned fibers show
a four-spot scattering pattern at low q which suggests a tilting of the chain axis
such as that often found in poly(olefin)s and poly(ester)s204; further work is needed
to better understand the crystal structure.
The actuation properties of devices are studied by monitoring the change in
radius of curvature upon illumination in fibers with a diameter of D = 50 µm.
Samples are held isothermally on a heated block and exposed to 385 nm light,
chosen to maximize the penetration depth of illumination (<6 µm for trans-p(A6-6);
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Figure. 4.19. (A) Solution state 1H NMR show efficient switching at 385 nm to a
PSS with cis content similar to illumination with 365 nm. (B) Solid state UV-vis
spectra show efficient switching at 385 nm. (C) Isomerization at 385 nm is sufficient
to melt crystals while increasing the penetration depth compared to 365 nm.
see Materials and Methods) while preserving sufficient photoisomerization to
induce melting (Figure 4.19). Illumination with 100 mW cm-2 of 385 nm light at T =
25 °C results in a change in curvature of DR-1 ≈ 0.05 mm-1 (Figure 4.20A, light grey
curve), though no melting is observed at this temperature. We note that similar
effects have been attributed to photosoftening due to an isomerization-induced
reduction in Tg in several previous cases, 205–208 but the specific mechanism at play
here requires further study. Because the diameter of the fiber is much greater than
the penetration depth, a non-uniform change in Tg drives bending towards the light
(Figure 4.20B, top). However, when the fiber is exposed to 385 nm light at 40 °C,
the bending dramatically increases due to photoinduced melting of semi-crystalline
trans-p(A6-6) at the top surface of the fiber (Figure 4.20B, bottom), with a nearly
three-fold increase in the change in the radius of curvature compared to that
generated from a change in Tg alone (Figure 4.20A, dark grey curve). Thermal
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Figure 4.20. (A) The change in radius of curvature upon illumination increases
with increasing temperature. (B) Schematic illustration of a cross-section of a
fiber. Below 40 °C, isomerization drives softening via a change in Tg.
Photomelting at higher temperatures results in more pronounced actuation.
images (Figure 4.21) reveal a modest
temperature change significantly below that
required for photothermal melting. Further,
as heat transfer is expected to minimize the
temperature difference maintained across
Figure 4.21. IR image of an
actuator shows a photothermal
temperature change of < 10 °C.

such a thin fiber, photothermal heating is
quite unlikely to be responsible for the

observed bending behavior. A slight increase in the radius of curvature is observed
upon UV irradiation at 55 °C, presumably due to additional softening of the polymer
as the temperature is increased further. Finally, reversible actuation is observed
upon sequential illumination of UV light (Figure 4.22A, purple) and green light
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Figure 4.22. (A) Shape-memory cycles for photomelting and re-crystallization
upon exposure to UV and green light at 60 °C, along with (B) corresponding
photographs. Scale bar = 5 mm.
(Figure 4.22A, green) for 1 min at 60 °C; this cycle can be repeated several times,
demonstrating that isomerization-induced melting and recrystallization can be
harnessed for shape-memory in an analogous way to thermally-actuated systems.
We estimate that the work output for photoinduced melting is W ≈ 0.2 kJ m-3 based
on a photoinduced strain of e ≈ 1% and a modulus of E ≈ 120 MPa (using Equation
4.6; see Materials and Methods). This is comparable to LC-based photoactuators,
which exhibit specific work values of ~0.1 – 1 kJ m-3 and where light penetration
over ~100 – 1000 seconds typically dictated the kinetics of shape evolution.158,209–
211

However, actuation in azobenzene systems is highly dependent on a number

of factors, most notably non-negligible photothermal effects at high light
intensities,212,213 complicating further comparisons. Here, the work output is
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predominantly photochemically-mediated and limited by the small penetration
depth relative to the fiber diameter. We expect that photomechanical performance
could be substantially enhanced in a modified system where light could uniformly
penetrate through the thickness of the fiber, for example by the use of negative
chromophores.214

4.4

Conclusion

In conclusion, we have developed a facile method to synthesize semi-crystalline
main-chain azopolymers and demonstrated that these materials can be reversibly
melted

and

re-crystallized

upon

photoisomerization

at

nearly

constant

temperature. Assembly of these materials into aligned fibers yields reversible
photoactuators capable of generating mechanical work via photomelting. This
fundamentally new approach to photoresponsive materials presents new
opportunities in the field of photoaddressable devices.
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CHAPTER 5
RECONFIGURING GAUSSIAN CURVATURE OF HYDROGEL SHEETS VIA
PHOTOSWITCHABLE HOST-GUEST INTERACTIONS#

5.1

Introduction

Stimuli-responsive hydrogels are desirable for diverse applications ranging from
biomedical devices215 to soft actuators.216 By introducing inhomogeneous in-plane
swelling profiles, thin gel sheets can be programmed to buckle into shapes with
essentially arbitrary distributions of Gaussian curvature, providing tremendous
flexibility for the design of targeted three-dimensional (3D) shapes.1,8,217–220 While
the large majority of work to date has focused on gel systems where transformation
through a closely related families of shapes is permanently programmed into the
material through variations in crosslink density,5,11,108,122,221,222 alignment of
anisotropic systems,6,125 or the presence of non-swelling components,124,223 it
remains a challenge to rationally design stimuli-responsive hydrogel platforms that
are amenable to adopting multiple different 3D configurations.224,225
To enable rewritable and reconfigurable shape change, the combination of
photoresponsive species within gel matrices offers an attractive means to harness
the spatiotemporal properties of light to prescribe complex morphogenesis. While
the incorporation of photothermal moieties such as carbon materials226,227 and
gold nanoparticles23,25,228,229 within thermoresponsive gels has been previously

#

This work was performed in collaboration with Markus Lahikainnen and Prof. Arri
Priimägi (Tampere University)
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exploited for photoinduced de-swelling, the use of photochemical additives would
offer advantages in terms of

shape persistence and improved patterning

resolution, due to the absence of thermal broadening and heat dissipation that
govern the photothermal shape response.110 While these systems are predicted
to enable robust re-configurable shape change,230 experimental demonstrations
have been limited. The most promising work has been done using spiropyran
derivatives, where photoreversible ring opening and closing reactions drive large
changes in hydrophilicity and thus gel swelling.40,231–237 However, realization of
robust photochemical responses are often complicated by narrow pH operational
ranges and photoswitching fatigue in these systems.39
Within the field of photoactive soft materials, azobenzene is among the most
widely employed photoswitches because it isomerizes robustly over many cycles,
is amenable to incorporation in macromolecular systems via a variety of
polymerization methods, and is highly tunable in both its absorption characteristics
and thermal relaxation kinetics.238–241 While azobenzene-based chromophores are
routinely used in ordered polymer systems such as liquid crystal networks and
elastomers to impart large shape changes upon isomerization-induced
disordering,111,210,242,243 their effect is often less dramatic in isotropic hydrogel
systems and is dependent on how the photoswitch in incorporated into the
network. For example, incorporation of azobenzene as a pendent group increases
the swelling244–248 due to an increase in azobenzene polarity and network
hydrophilicity249 upon trans-cis isomerization, while isomerization of azobenzene
crosslinks induces a reduction in swelling due to a decrease in the network mesh
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size.250,251 To circumvent these challenges in aqueous systems, one possibility is
to instead harness reversible host-guest interactions of cyclodextrin with
azobenzene, where trans azobenzene inserts into the hydrophobic cavity of
cyclodextrin while the cis isomer is expelled. Using this scheme, azobenzene and
cyclodextrin-functionalized polymers have been used to modulate the mechanical
properties252 and drive volumetric changes68,69,71,253,254 in hydrogels through ondemand changes in crosslink density. In addition, azobenzene-cyclodextrin
complexes are more hydrophilic than free cis azobenzene, providing a simple way
to modulate macromolecular hydrophilicity on-demand,255–260 similar to how CD
units are used to sequester and release hydrophobic drugs in delivery
systems261,262 and perturb the critical solution temperature of linear polymers via
changes in solubility.263,264 However, despite the promise of these systems, work
has been overwhelmingly limited to schemes where supramolecular chemistry is
used to modulate crosslink density – and not hydrophobicity – in thick gels where
moderate light penetration, slow crosslinking kinetics, and diffusion-limited mass
transport results in sluggish and modest shape changes.
To circumvent these challenges in aqueous systems, we introduce a facile
method to fabricate photoresponsive gels capable of rewritable Gaussian
curvature by employing localized changes in hydrophobicity using azobenzenefunctionalized poly(N-isopropylacrylamide (PNIPAm) gels containing free (a-CD)
units. In our system, photoisomerization of azobenzene under UV light is used to
impose a swelling metric in thin gel sheets by breaking host-guest complexes and
substantially reducing swelling near room temperature. Subsequent exposure to
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visible light and isomerization to the cis isomer restores host-guest complexes, and
a new metric can be patterned through exposure to a new pattern of UV light,
allowing for rapid and re-configurable shape change.

5.2
5.2.1

Materials and Methods
Materials

N-isopropylacrylamide,

N,N’-methylenebisacrylamide,

2,2’-Azobis(2-

methylpropionitrile) (AIBN), and acryloyl chloride were purchased from Sigma
Aldrich; 4-Aminoazobenzene and a-cyclodextrin were purchased from Tokyo
Chemical Industries. Tetrahydrofuran, dichloromethane (DCM), and triethylamine
(TEA) were purchased from Fisher Scientific. AIBN was re-crystallized and DCM
and TEA were dried before use. All other materials were used as received.

5.2.2 Synthesis of 4-acrylamidoazobenzene
The synthesis of 4-acrylamindoazobenzene follows reported procedures265 with
small modifications: 4-aminoazobenzene (1.97 g, 10.0 mmol) and triethylamine
(1.23 mg, 12.2 mmol) were dissolved in 90 mL dry DCM and cooled in an ice water
bath. Acryloyl chloride (1.23 mg, 13.6 mmol) was dissolved in 10 ml of DCM and
added dropwise into the solution while stirring. The reaction was stirred overnight.
Following the completion of the reaction, the precipitate was removed by filtration
and the crude product concentrated and purified by column chromatography.
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1

H NMR (500 MHz, CDCl3) δ 7.94 (d, J = 8.7 Hz, 2H), 7.90 (d, J = 7.5 Hz, 2H),

7.76 (d, J = 8.4 Hz, 2H), 7.48 (broad peak, 4H), 6.49 (d, J = 16.8 Hz, 1H), 6.29 (dd,
J = 16.8, 10.2 Hz, 1H), 5.83 (d, J = 10.3 Hz, 1H).

5.2.3 Preparation of Gels
N-isopropylacrylamide (177 mg, 1.0 mmol), N,N’-methylenebisacrylamide (5.5 mg,
0.036 mmol), 4-acrylamidoazobenzene (10.4 mg, 0.041 mmol), and AIBN (5.2 mg,
0.032 mmol) were dissolved in 0.4 mL of 5:1 (v:v) of THF:H2O in a 2 mL vial
capped with a rubber septum. The solution was de-gassed with nitrogen for 30
minutes at room temperature. Following de-gassing, the vial was placed in an oil
bath at 65 °C and monitored for several minutes as the viscosity increased. After
10 minutes, the pre-gel solution was transferred via capillary into cells composed
of two clean glass slides glued together with a separation of 25 µm as set by
Kapton spacers. The gels were heated overnight at 65 °C on a hot plate in the
dark. Following gelation, the gels were harvested by gently opening the cells with
a razor blade. Gels were left attached to one of the glass slides and sequentially
swelled in 5:1 THF:H2O and DI H2O. Gels were stored at room temperature in the
dark in DI H2O until use. For experiments, gels were cut into 1 mm disks using a
biopsy punch and transferred into 15 mg mL-1 a-CD in DI H2O and stored in a
refrigerator overnight to equilibrate.
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5.2.4 UV-vis spectroscopy
UV-vis spectra were recorded using a fiber optic spectrometer (Ocean Optics
Flame) equipped with a deuterium-tungsten halogen light source. Extinction
spectra of 4-acrylamidoazobenzene were measured in EtOH using 1-cm
pathlength quartz cuvettes (ThorLabs). Photoswitching properties of gels were
characterized by placing gels swollen in 15 mg mL-1 aqueous a-CD on quartz
substrates and spectra were measured using a custom-built film set-up. Spectra
of fully thermally equilibrated samples were recorded first following measurements
after sequential exposure to 405 nm, 385 nm, and 365 nm LEDs (ThorLabs).
Thermal relaxation times of the cis isomer as a function of temperature was
measured using a double-beam UV-Vis spectrometer (Hitachi-U3010). Gels were
placed in quartz cuvettes and filled with water. The temperature was allowed to
equilibrate for 15 min in a thermally-regulated cell holder. After reaching thermal
steady state, gels were irradiated with 365 nm LED and absorbance was probed
at 354 nm over the course of several hours.

5.2.5

Temperature-Dependent Swelling

Gel disks of 1 mm in diameter were first equilibrated in the dark overnight. After
equilibration, gels were place in glass-bottomed petri dishes and immersed in a
minimal amount of a-CD solution (15 mg mL-1) and illuminated for 5 minutes at 50
mW cm-1 using LEDs (ThorLabs) of the appropriate wavelength. Gels were then
heated stepwise from 4 - 42 °C using a heat stage (INSTEC HCS621V) and
equilibrated at each temperature for five minutes prior to imaging. Gels were
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imaged using an upright microscope (Zeiss Aziotech Vario) equipped with a
camera (Pixel Link). Areal changes in gel swelling were measured using image
analysis (ImageJ).

5.2.6

Photopatterning

Swelling metrics were patterned using an inverted optical microscope (Nikon
ECLIPSE Ti) equipped with a digital micromirror device (DLP Discovery 4100, 0.7
XGA, Texas Instruments) and a UV LED (CoolLED). Photomasks were drawn in
Illustrator (Adobe) and projected onto the sample plane using custom-built Matlab
code (Mathworks). All exposures were performed at room temperature and images
were procured by using a needle to gently manipulate the exposed gel to the
appropriate angle and recording the image using an attached camera.

5.3

Results and Discussion

Light responsive gels are synthesized
by

the

co-polymerization

isopropylacrylamide

of

(NIPAm)

Nand

N,N’-methylenebisacrylamide (MBA)
with

4-acrylamidoazobenzene

by

free-radical polymerization to form

Figure 5.1. Light-responsive gels are
synthesized from the co-polymerization
of NIPAm and MBA with 4acrylamidoazobenzene.

poly(NIPAm-co-azobenzene)
hydrogels (Figure 5.1). Briefly, the monomer components are mixed with 5:1 THF:
H2O and de-gassed with nitrogen. Next, the pre-gel solution is infiltrated between
92

two glass slides set to a thickness of 25 µm and heated at 65 °C overnight to
polymerize. Following synthesis, gels are swollen sequentially in fresh solutions of
5:1 THF:H2O and de-ionized H2O to remove unreacted monomers. After thermal
equilibration in the dark, azobenzene units in the gel are predominantly in the trans
form. Upon immersion in an aqueous solution of 15 mg mL-1 of a-CD, gels are
observed to rapidly increase in volume. This change in volume is attributed to an
increase in gel hydrophilicity as the
hydrophobic

inner

cavity

a-CD

of

complexes with azobenzene via a hostguest interaction, leaving the hydrophilic
outer portion of a-CD to interface with the
surrounding water.68
The photoresponsive properties of
the

gels

are

studied

using

UV-vis

spectroscopy. Initially, azobenzene units in
thermally-equilibrated gels are in the trans
form as indicated by the strong p,p* peak
centered at 360 nm and a weak n,p* at 430
nm (Figure 5.2A, black curve). Upon
illumination
azobenzene

with
units

365
are

nm

light,

observed

the
to

efficiently switch from trans to cis and
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Figure 5.2. (A) UV-vis spectra of the
azo-gel (25 μm in thickness) swollen
with a-CD solution before light
exposure (black), after 365 nm
illumination (blue), and after visible
light exposure (red). (B) Schematic of
reversible
supramolecular
complexation between azobenzene
and a-CD complexation in thin gel
sheets, allowing for rapid and reconfigurable shape change.

achieve a photostationary state
(PSS) of > 70 % cis, as evidenced
by a decrease in intensity and blue
shift of the p,p* peak and a
concomitant increase in the n,p*
peak (Figure 5.2A, purple curve).
While quantitative isomerization is
Figure 5.3. Extinction spectra of 4azobenzeneacrylamide in EtOH. The trans
state following thermal equilibration (black)
and after exposure to 365 nm UV light
(blue). In the UV region, the extinction
coefficient decreases by an order of
magnitude allowing for uniform light
penetration through the thickness of the gel
sheets.

limited by the overlap of the cis and
trans spectra of the photoswitch,
the extinction coefficient in the UV
region decreases by an order of
magnitude

upon

trans-cis

isomerization (Figure 5.3). This results in an increase in the penetration depth at
365 nm from 5 µm to 47 µm, facilitating uniform absorption through the sample
thickness (25 µm) and a high PSS. Isomerization is accompanied by the decrease
of a-CD affinity for azobenzene, decreasing the binding constant from 2000 M-1
and

35

M-1

for

a-CD-trans

azobenzene

and

a-CD-cis

azobenzene,

respectively.255,265,266 Thus, isomerization catalyzes the destruction of host-guest
interactions as geometrical changes in azobenzene expel the chromophore from
the cavity of a-CD (Figure 5.2B). Additionally, isomerization is reversible by
illumination with visible light (Figure 5.2A, red curve), facilitating the formation and
destruction of supramolecular complexes on-demand.
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Figure 5.4. Time-lapse images of a gel under flood UV illumination. Transient
bending is observed as light penetrates through the disk. The final disk is deswollen uniformly, indicating uniform through-thickness photoisomerization.
Scale bar = 1 mm.
The effect of photoisomerization on swelling behavior is first investigated at
room temperature under flood illumination with 365 nm light (Figure 5.4). Prior to
illumination, gels are equilibrated in the dark to maximize trans isomer content and
are initially flat in the fully swollen state. When exposed to UV light, the gel is
observed to rapidly de-swell and reaches its equilibrium swelling in ≈ 30 s with a
reduction of area following light exposure. The absence of bending in the deswollen film indicates that azobenzene isomerizes uniformly through the thickness
of the sample,267 a consequence of the fact that the penetration depth (47 µm) is
greater than the film thickness (25 µm). Assuming a diffusion coefficient of D = 13 x 10-11 m2 s-1,268 the characteristic diffusion time for this system can be estimated
as 𝜏 ≈ h2D-1 ≈ 20 – 60 s, which is comparable to the de-swelling time observed.
This is comparable to the illumination time needed to reach the PSS, and transient
bending under uniform illumination (Figure 5.4, middle) suggests that the kinetics
are influenced by both that of photobleaching and mass transport.
To investigate how the change in isomer population – and thus
supramolecular complexation – influences swelling and LCST behavior, gels are
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Figure 5.5. (A) Equilibrium swelling ratios of hydrogels in pure water (blue) and
aqueous a-CD solution (red) as a function of temperature. While increased cis
content slightly increases the swelling compared to trans in pure water, host-guest
complexation of trans azobenzene with a-CD dramatically increases the swelling.
(B) Increased cis content results in a >60% change in areal swelling near room
temperature due to a reduction in network hydrophilicity upon expulsion of a-CD.
uniformly exposed to flood illumination in a bath of a-CD solution held at constant
temperature ranging from 4 - 42 °C (Figure 5.5). Prior to illumination, gels
equilibrated in the dark show a gradual de-swelling upon heating to 26 °C, followed
by a sharp de-swelling transition, and then a gradual de-swelling to a constant area
by 42 °C (Figure 5.5A, filled red circles). This behavior is consistent with classical
behavior of PNIPAm gels that display rapid de-swelling above a critical
temperature.269 However, exposure to UV light and photoisomerization to a high
cis content and concomitant destruction of host-guest complexes dramatically
alters the swelling characteristics due to changes in hydrophobicity. Illumination
with 365 nm UV light (Figure 5.5A, filled red squares) results in a drastically
reduced extent of swelling and a shift of the LCST to lower temperatures with an
increased breadth of the volume transition as the concentration of cis isomers
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increases and a-CD complexes are destroyed.
This behavior is similar to how the choice of
hydrophobic comonomer can be used to tune the
LCST in non-photoactive PNIPAm gels270,271 and
is

consistent

with

observations

in

linear

poly(NIPAm-co-azobenzene) polymers, where the
LCST shifts to lower temperature upon decomplexation of azobenzene and cycloextrin.272
We note this marked change in swelling is due to
the destruction of a-CD complexes with trans
azobenzene and not simply changes in isomer
Figure 5.6. Micrographs of
gels with predominantly
trans (right) and cis
azobenzene (left) at room
temperature. Scale bar: 1
mm.

population, as control experiments in deionized
water show a small increase (≈ 5%) in swelling
upon trans-cis isomerization due to the moderate

increase in polarity of the cis isomer (Figure 5.5A, black curves; Figure 5.5B, black
curve).249,273 Additionally, prior work shows that a-CD does not complex
significantly with NIPAm side-chains,

263,274

and thus it is expected that the LCST

is overwhelmingly dictated by azobenzene-cyclodextrin complexation. Notably, the
change in swelling is maximized near room temperature, with an in-plane areal
swelling change of >60% (Figure 5.5B, red curve), making these materials wellsuited for deployment at ambient temperatures (Figure 5.6). We note that while
deformation of azo-based materials is often driven by a combination of
photochemical and photothermal effects,129,212,275 efficient photoisomerization as
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Figure 5.7. (A) Maskless lithography is used to locally pattern azobenzene
isomerization to drive reconfigurable shape change via change in supramolecular
complexation with a-CD. Discrete differences in gel swelling in response to
azobenzene isomerization is used to re-program shape through sequential
exposure to UV and white light. (B) Side-view of a disk with positive Gaussian
due to greater swelling in the center of the disk compared to the outer
circumference. (C) Using flood illumination of white light, the disk is returned to
its initial flat shape. (D) Localized UV illumination in the center of the disks results
in negative Gaussian curvature of the same disk. Scale bar: 1 mm.
monitored by UV-Vis and the persistence of de-swelling upon the removal of
illumination indicates that volume changes in this system are due to photochemical
- and not photothermal - effects.
To probe the utility of photoinduced de-swelling to program shape
morphing, gels are illuminated with UV light patterned by a digital micro-mirror
array and projected onto an immersed sample through an inverted microscope
objective (Figure 5.7A). When 365 nm light is patterned in a circular annulus and
projected onto a gel disk such that the center remains unilluminated, de-swelling
at the edges results in buckling out-of-plane in to a hemispherical cap-like shape
with positive Gaussian curvature to accommodate the in-plane strain differential
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(Figure

5.7B).

photothermal

Unlike
systems,

where gels re-swell upon
removal of light as heat is
dissipated,25

these

gels

retain their shape when
illumination stops because
of
Figure 5.8. Thermal lifetime of cis-isomer as the
function of the temperature. At room temperature,
the thermal relaxation time is several days, thus
allowing shape change to be persistent in the
absence of illumination.

the

long

thermal

relaxation time of the cis
isomer, which is ≈ 900 min
at

room

temperature

(Figure 5.8). Thus, even in the absence of illumination host-guest complexes
remain dissociated in the illuminated region and the in-plane swelling differential
persists. However, the gel can be returned to its initial flat state by restoring hostguest interactions uniformly through the gel via cis-trans photoisomerization with
white light (Figure 5.7C). Then, the shape can be re-programmed to another form
by shining a different pattern of UV light. For example, by patterning the gel with
localized de-swelling in the center of the film, a saddle-like shape with negative
Gaussian curvature is formed (Figure 5.9D). While either type of deformation can
easily be achieved via in previously reported photo-crosslinkable and photopatternable gel systems,109,276 these platforms are limited to reversible
transformations between pre-programmed states. In contrast, the current method
allows for multiple shape transformations to be programmed and re-programmed
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in a single material without the need for complex chemical re-programming
processes like ionic printing,224 nanoparticle reduction277 or acid-base treatment278
as previously reported.

5.4

Conclusion

In summary, we have developed a simple method to pattern and deploy
photoactive gels using reversible host-guest complexes. Specifically, the extent of
swelling can be controlled by the isomer population of an incorporated azobenzene
photoswitch, thereby controlling gel hydrophilicity through trans azobenzene
complexation with a-CD. Furthermore, localized de-swelling can be exploited to
control Gaussian curvature using photolithographic patterning and the shape of
single gel can be re-written through sequential exposure to white and UV light.
Finally, operation at room temperature with biocompatible components makes this
materials platform particularly promising for use in biological systems for drug
delivery or tissue engineering.
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CHAPTER 6
CONCLUSIONS AND OUTLOOK
This

thesis

presents

several

strategies

to

harness

photothermal

and

photochemical moieties to power shape-morphing in liquid crystal elastomers,
semi-crystalline polymers, and gels in response to illumination. In this final chapter,
a summary of the completed work and future directions are discussed.
In Chapter 2, a means to harness waveguided light to drive actuation in an
LCE fiber was demonstrated. Though many examples of free-space actuation of
photoactive materials for soft robotics has been demonstrated,279 much less work
has been pursued using waveguided illumination. Fast, multi-axis articulation in
free space was enabled by patterned photoactive regions in monolithic devices
that could be deployed on-demand. The most immediate need in future iterations
of this system is an improvement in the optical loss via enhanced LC alignment
such that greater intensity can be delivered to photoactive regions. Additionally,
composite devices using molecular crystals280,281 or other existing polymeric
waveguide materials282 could enable integration into next-generation systems.
Furthermore, while the potential of optical fibers to sense, encode, and transmit
information in soft robotic systems has begun to be recognized in recent years for
use as sensors,283–285 it has yet to be extended as a means to drive mechanical
responses in such systems. While fluidic systems have been used as artificial
vasculature in a variety of systems to control multi-arm and multi-gait systems,286–
288

similar principles have not been extended to photoactive systems. For example,
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one could imagine a soft robot containing embedded light guides in place of the
oft-used channels for fluidic control,289 where each light guide could specify the
actuation of an individual component. Such a system would benefit from the low
weight of optical fibers and circumvent the challenges associated with fluidic
systems that are susceptible to leaking and often require large attached power
sources to drive fluid flow. Lastly, the use of optical fibers has been shown to
enable complex feedback mechanisms by tethering the illumination source to the
active material,290 opening up possibilities for smart and autonomous actuation.
Though examples such as that realized in Chapter 2 demonstrate the tantalizing
opportunities in the field of fiber optic and waveguide-powered devices, further
research is needed into the materials, fabrication, and control systems required to
realize their potential.
Extending

the

fabrication

method

for

photopatterning

plasmonic

nanoparticles from Chapter 2 to planar LCE sheets, a new means of programmed
shape-morphing in these systems was demonstrated in Chapter 3. Using spatiallypatterned photothermal heat profiles in monodomain LCE sheets, a robust
framework for encoding the buckling of sheets into shapes with defined Gaussian
curvature was validated through theory, simulations, and experiments. The theory
and methodology developed in this work is anticipated to be widely applicable to a
variety of anisotropic material systems. Despite the progress made by this work,
several outstanding challenges remain. From a fabrication perspective, extending
this means of patterning to other plasmonic particles would enable increasingly
complex responses. A logical next step would be to adapt existing means of
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photochemical-mediated syntheses of gold nanorods (AuNR) in solution291–294 to
the solid state, where the variable longitudinal surface plasmon resonance could
be harnessed to power multi-wavelength actuation, similar to that achieved in
polymer sheets containing multi-color dyes.16 Furthermore, AuNRs and other
anisotropic nanomaterials are known to align along nematic director fields as
demonstrated in

LC small molecules295–297 and networks,34,298 and thus

incorporation into aligned LCEs could offer opportunities for polarizationdependent actuation. Beyond nanomaterials, new LCE chemistries could enable
the use of spatially-patterned photochemical additives. For example, postpolymerization modification299 of networks functionalized with photoreactive
groups300–303 could be used to spatially define the local concentration of
photoswitches. While post-polymerization modification with photoswitches has
been demonstrated with functional groups such as activated esters304–307 and
alkynes,308,309 photopatterning chromophores with light-catalyzed reactions remain
largely unexplored. Finally, beyond materials chemistry, additional differential
geometry is needed to understand how to generate any desired profile of Gaussian
and mean curvature with spatially-defined photostrain to realize the full potential
of shape-morphing in monodomain LCEs. While this problem has largely been
solved for sheets with director profiles that vary in in-plane orientation,7,310 a
solution for the monodomain case with two-dimensional variations in magnitude of
programmed stretch does not yet exist.
In Chapter 4, a new class of azobenzene polymers was presented that
harnesses photoisomerization to drive reversible melting and crystallization. By
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incorporating these materials into crosslinked fibers, optical shape-memory was
demonstrated via directional phase changes upon UV and visible light exposure.
Perhaps the biggest obstacle to recognizing the full potential of these materials is
to engineer a system that enables uniform optical melting through the whole
device. A promising route forward in this respect is to replace the azobenzene used
here with a negative photochrome,214 where the absorption of the photoproduct is
shifted to shorter wavelengths than the photoreactant, thus facilitating deeper light
penetration in the material. One possibility would be the use of halogenated
azobenzenes, where the separation of the n,π* bands increases the penetration
depth and allows for nearly quantitative isomerization.311 In addition, these
materials possess long thermal half-lives,312 thus enabling increased shape
persistence even at elevated temperatures.67,313 In addition to chemical
modifications of the incorporated photoswitch, the properties of these materials –
crucially Tg and Tm - can also likely be modified through the use of different chain
extenders. For example, preliminary work using oligoether chain extenders shows
that this functionality preserves crystallinity while lowering the glass transition and
melting temperature, which could enable room-temperature shape memory. Such
chemical modifications could also be used to give insight into the interesting
physics of this system. One phenomenon of particular interest is the expected
ability of this system to undergo re-entrant crystallization, where under constant
illumination at appropriate light intensities the polymer is expected to melt at
intermediate temperatures and re-crystallize as the temperature increases and
thermal relaxation dominates. Such behavior is expected to be heavily dependent
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on the thermal properties, viscosity, and photoswitch kinetics of the system, and
delineation of these factors is critical to understanding such phenomena. Finally,
azo-polymers are well-known to align in response to polarized light.314 Thus, one
could potentially use optical processing to direct crystallization for devices with
novel optical and mechanical properties difficult to achieve in ordinary semicrystalline polymers.
Lastly, in Chapter 5, host-guest complexes of a-cyclodextrin and
azobenzene were shown to be a facile means to reversibly program Gaussian
curvature in thermoresponsive gels. Conveniently, trans-cis isomerization and the
accompanying destruction of host-guest complexes drives a nearly 60% change
in areal swelling at room temperature, and localized swelling can be patterned,
erased, and re-patterned to switch between positive, negative, and zero Gaussian
curvature forms. While only simple swelling metrics are demonstrated here, more
complex forms could be realized through the use of halftone patterning,108 where
patterns of dots of low-swelling regions in a high-swelling matrix are used to define
the global shape upon deployment. While continuous gradients in swelling could
likely be implemented through spatial control of the PSS (and thus extent of
swelling) using discrete wavelengths of light, halftone patterning would provide a
simple means to write and rewrite shape deployment. Furthermore, grayscale
patterning is ill-suited to this purpose, because gradients in light intensity would
likely induce through-thickness gradients in isomerization – and consequently
swelling - thus precluding high-fidelity shape control. Additionally, while
photosensitizers have previously been used to introduce slight through-thickness
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differences in crosslink density in gel systems to simultaneously control Gaussian
and mean curvature,11 this platform offers the possibility to reversibly control mean
curvature through the synergistic use of UV and visible light to control the throughthickness population of azobenzene isomers. For example, exposure of UV light
could be used to write a spatially-prescribed in-plane swelling profile and then short
doses of visible light could be used to introduce small through-thickness swelling
gradients by reverting azobenzene to the trans form near the surface of the
exposed face. In addition to more complex patterning methods, the addition of
different azobenzene moieties could be used to tune the swelling properties of the
system by modulating the binding constants between cyclodextrin derivatives. For
example, preferential binding with cyclodextrin of the cis isomer has been
observed in some fluorinated azobenzenes,315 while the use of competing host
molecules can enable switching between distinct host-guess complexes.316 Thus,
incorporation of distinct azobenzene units could be used to achieve increasingly
complex responses using multi-wavelength addressability.
In closing, the work presented in this thesis demonstrates the exciting
possibilities

of

photoresponsive

soft

materials.

Despite

the

significant

advancements of the field over the time during which this work was conducted,
there remain a myriad of open challenges that require collaborations spanning the
fields of polymer chemistry, soft matter physics, mechanics, optics and
mathematics to address. It is my sincere intent that this dissertation serves as both
a meaningful technical contribution to the field of photoresponsive soft materials
as well as a forward-looking document to encourage future scientists to continue
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to pursue these challenges with the creativity and ingenuity these problems
demand.
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